Republic of Iraq

Ministry of Higher Education
and Scientific Research
University of Babylon
College of Engineering

Department of Mechanical Engineering

The Energy and Exergy Analysis of Different

Kalina Cycle Configurations
A Thesis
Submitted to the College of Engineering / University of
Babylon in Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy in Engineering/Mechanical

Engineering /Power
By
Abdulkhudhur Kadhim Naser Hussien
Supervised By

Prof. Dr. Haroun A.K. Shahad

2023 A.D 1445 A.H



pa )
a1 ) sy

JA\J

Lath o)
\9\\94.&).41
bual, ’

aslanl
) Al a3
(Qa

18

a4

e 0
559



Dedicated To

To my first teacher who gave me strength
My father.

To her who planted love in my heart

My mother.

To the symbols of love and fait fullness

My brothers and sisters

To my dear life partner s

My family.

With Love and Respect

Abdulkhudhur 2023



Supervisor Certification

I certify that this thesis entitled “Energy and Exergy Analysis of
Different Kalina Cycle Configurations” is being carried out by
Abdulkhudhur Kadhim Naser under my supervision at the Mechanical
Engineering Department, College of Engineering, University of Babylon, as
a partial fulfilment of the requirements for the degree of Doctor of

Philosophy in Mechanical Engineering (Power Engineering).

Signature:

Name: Prof. Dr. Haroun A.K. Shahad

Department of Mechanical Engineering / College of Engineering/

University of Babylon

Date: / / 2023






ACKNOWLEDGEMENTS

Praise be to ALLAH, Most Gracious, Most Merciful, who gave me the

ability and desire to complete this research work.

I wish to express my cordial thanks and deepest gratitude to my
supervisor Prof. Dr. Haroun A. K. Shahad for his generous guidance, and
valuable and active interest in this work.

My great appreciation is expressed to the Dean of the College of
Engineering Prof. Dr. Hatem Hadi Obeid and to the head of Mechanical
Engineering Department Assist. Prof. Dr. Samer Abdul hleem.

My special thanks for my wife, my daughter Farah and my sons
Ahmed, Ali and Jaafer for their help. My special thanks and deepest and
warmest gratitude are due to my family with special gratitude to them, love,
support and encouragement during the period of preparing this work.

Furthermore, deepest thanks to my friends for their help to accomplish
this study. Finally, I would like to express my deepest thanks and gratitude
to all those who have helped me in one way or another in carrying out this

research.

Abdulkhudhur 2023



Abstract

In the present work, a theoretical and experimental study was
conducted to analyze the available energy from combustion gases of boiler
to be used for power generation using Kalina cycle. The Kalina cycle is a
thermodynamic cycle used to produce electrical power or cooling. The
working fluid was a mixture of ammonia and water. The external source of
energy is the combustion gases from a steam boiler located in the University
of Babylon / College of Mechanical Engineering / Fluid Laboratory. The
temperature of the combustion gases was measured by a thermocouple and

the mass discharge was calculated by the standard combustion equation to

be 175 °C and 122.3 kg/hr respectively.

In the theoretical part of this study simple Kalina cycle system (SKCS)
was modified by adding one and the cycle is known as the first modified
Kalina cycle system (MKCS1) and two heat exchangers and the cycle is
known as the second modified Kalina cycle system (MKCS2), to recover
part of the heat rejected, while in the experimental part a power plant is
constructed based on the theoretical cycle (MKCSI) and given the symbol
(MKCSE).

In the results of the theoretical part the studied operating conditions
include the cycle maximum pressure (Pmnax), the cycle minimum pressure
(Pmin), the ammonia concentration (x), and the dryness fraction at separator
entrance (DF), while the studied performance parameters include the cycle
thermal efficiency, the cycle net power generation, the cycle exergy
efficiency, and the exergy destruction. The maximum pressure (Pmax) 1S
varied from 20 bar to 40 bar for every 5 bar step. The minimum pressure
(Pmin) 1s 2 bar, 3 bar, and 4 bar, and the ammonia concentration (x) varied
from 0.85 to 0.89 for each step of 0.01, as well as the dryness fraction (DF)
was 0.2, 0.3, and 0.4.
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In the beginning, the effect of dryness fraction was studied
theoretically on the performance of the three cycles, and the behavior was
similar in the three cases. It is found that the highest thermal efficiency was
at dryness fraction (DF) =0.3.The thermal efficiency for (SKCS), (MKCS1)
and (MKCS) was 9.44%, 14.23%, and 23.53%, respectively. Then the effect
of the dryness fraction on the net power was studied, and the result was 0.26
kW, 0.29 kW, and 0.38 kW for (SKCS), (MKCS1) and (MKCS2)
respectively. Exergy efficiency was 24.2%, 30.2%, and 59.06% for SKCS,
MKCS1 and MKCS2 respectively.

The results of the ammonia concentration effect show that when the
ammonia concentration increases the cycle thermal efficiency decrease for
all cycles. For example the thermal efficiency for MKCS2 at ammonia mass

fractions of 0.85 and 0.89 are 23.53% and 21.7% respectively.

The effect of the maximum pressure on the performance of the three cycles
was also studied. For MKCSI, the net power at a pressure of 20 bar and 25
bar at x=0.89 is 0.394 kW and 0.391 kW respectively.

The impact of the minimum pressure (Pnin) on the performance of the
three cycles was also investigated. It is found from the theoretical study of
the three cycles that the MKCS?2 is the best cycle because it has the highest
thermal efficiency of 23.5% at ammonia mass fraction (x) =0.85 and Pyax=35
bar, the highest net power of 0.59 kW at x=0.89 and P.,,,=20 bar and the
highest exergy efficiency of 60% at x=0.85 and maximum pressure (Pmax)

=35 bar as well.

The optimum operating conditions for SKCS were found at Py.x=30.8
bar and x=0.88, where the optimum thermal efficiency and the optimum net
power were 8.8% and 0.33 kW respectively. However the optimum
conditions for MKCS1 was at x=0.88 and P..x=33.5 bar. Moreover, the

optimum value of the thermal efficiency and the net power were 13.5% and
I



0.354 kW respectively. Additionally it is found that the values of the
optimum Py, and (x) were 34 bar and 0.88 respectively for MKCS2 where
the of the optimum thermal efficiency and net power were 21.8% and 0.462

kW respectively.

The results for MKCSE cycle were taken at maximum pressure =35
bar, minimum pressure=2 bar, ammonia mass fraction=0.85, and dryness
fraction=0.3. It is noticed that when the ammonia concentration is increased
the thermal efficiency is decreased, the net power is increased, and the
exergy efficiency is decreased. The highest thermal efficiency is 12.9% at
Pmax=35 bar, Pniy=2 bar, DF=0.3 and x=0.85. The highest value of the net
power was 0.367 kW at x=0.89 at turbine inlet, P,,,x=20 bar and DF=0.3. The
highest value of exergy efficiency was 28.5% at P,,x=35 bar, Py,i,=2 bar and
DF=0.3. It is seen when P, is increased the thermal efficiency increased
sharply till Py.=35 bar. The values of the net power at 2 bar, 3 bar and 4 bar
were 0.37 kW, 0.33 kW and 0.295 kW respectively. The exergy efficiency
was 28.4%, 27.35% and 25.4% at 2 bar, 3 bar and 4 bar respectively. It is
seen the thermal efficiency dropped because as the minimum pressure is
increased. The value of the net power was 0.364 kW at x=0.89 and P,i,=2
bar. It is found that the highest exergy efficiency is obtained at low pressure

2 bar, high pressure 35 bar at x=0.85, which is 28.5%.

A comparison of the theoretical and experimental results is carried out
at the conditions of P.= 35 bar, Pni, = 2 bar, x= 0.85 and DF= 0.3. The
theoretical thermal efficiency was 14.23%, while in the experimental work
it was 13.09%, and the error rate between them was 8.01%. As for the
theoretical net power, it was 0.289 kW, whereas in the experimental net
power it was 0.272 kW and the error rate between them was 5.88%. The
exergy efficiency in a theoretical work was 30.24%, in however

experimental work was 28.43%, and the error rate between them was 5.99%.
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As for the theoretical losses, it was 0.5239 kW, but the experimental losses

were greater than 0.581 kW, and the error rate was 10.899%.

An economic feasibility study was done by calculating the net power
obtained under the same conditions in which the comparison was made. It
was found that to obtain a net power of 0.272 kW, 858 kg of fuel must be
annually burned and thus the use of the first improved Kalina cycle annually
reduced carbon dioxide emissions by 2672 kg. Finally, the net power for
MKCS2 was 0.585 kW at the same conditions and 1844.9 kg of fuel must be
annually burned and practically reduced carbon dioxide emissions by 5820.5

kg annually.



NOMENCLATURE

Symbol Description Unit

A Cross-sectional area m?

As v Surface area to volume ratio m?*/m’

Cp Specific heat of the fluid mixture kJ/kg.°K

Cq Discharge coefficient | -

Cw Specific heat of water. kJ/kg K

D Diameter m

d Exergy destroyed kJ

DF Dryness fraction kg /kgmixtu

ds Diameter of the cylinder m

dio Tube outlet diameter m

dii Tube internal diameter m

dy Hydraulic diameter m

dT/dx Temperature gradient K/m

E Exergy kJ

E The rate of exergy kW

hy, the evaporation heat kJ/kg

h Convective heat transfer coefficient kw/m? K
i Specific liquid enthalpy of the mixture kJ/kg

h, Specific enthalpy of ammonia liquid kJ/kg

h, Specific enthalpy of water liquid kJ/kg

ht Specific enthalpy for mixture at vapor phase kJ/kg

hy Specific enthalpy of ammonia vapor kJ/kg

hY, Specific enthalpy of water vapor kJ/kg

VI




I Electrical Current Amber
k Thermal conductivity kW/m.K
ko Thermal conductivity of mixture kW/m.K
Ky Water thermal conductivity kW/m.K
L Distance m
LS The stroke m
len Length cm
LCV Lower calorific value kJ/kg
m Mass flow rate kg/s
Nu Nusselt number |-
ne Number of turns of the condenser tube. | --—--
N Number of the motor rotation | -—---
n Number pump cylinders |-
Pr PrandtiNo. |-
P Power kW
p Pressure bar

Heat transfer kJ
0 The rate of heat transfer kW
Re ReynoldNo |-
r Radius cm
S Specific entropy kJ/kg.°’K
Sy Specific entropy of ammonia vapor kJ/kg.°K
Sy Specific entropy of water vapor kJ/kg.°K
Syt Specific entropy of the mixture in the vapor phase | kJ/kg.°K
s Specific entropy of the mixture in the liquid phase | kJ/kg.°K
st Specific entropy of ammonia liquid kJ/kg.°K

VII




st Specific entropy of water liquid kJ/kg.°K
tAve Mean temperature for Inner pipe fluid stream °C

T Temperature °C

U Overall heat transfer coefficient kW/m?’K
14 Volume flow rate m?/s

VvV Velocity. m/s

Vo Volume of one cylinder m’

Vo Voltage Volt

(4 Specific volume of mixture vapor phase m’/kg

vy Specific volume of ammonia vapor m/kg

vy Specific volume of water vapor m’/kg

vk Specific volume of mixture liquid phase m’/kg

vk Specific volume of ammonia liquid m/kg

v Specific volume of water liquid m’/kg

WF Wetness fraction Kg/Kgmixtur
114 Net power kW

X Ammonia mass fraction kgnms/kgmi
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Greek Symbols

Symbol Description Units

I The efficiency |-

[0) Transitionrato | ---—--

n Viscosity N s/m?

w Viscosity of fluid at wall temperature N s/m?

p Density kg/m’

ot Heat transfer coefficient in tube side kW/m? K

as Heat transfer coefficient in shell side kW/m? K

Cos 0 Power factor |-

1) Angle of the needle Degree

€ Effectiveness of the heat exchanger | -------
Subscripts

Symbol Meaning

a Ammonia

ave Average

act Actual

bp Bubble point

CAES Compressed air energy storage

ci Cold stream inlet

co Cold stream outlet

conv Conversation

coup coupling

d Destruction

dp Dew point

e Equivalent

IX




ex Exergy

exh Exhaust

elect Electrical

fuel Fuel

f Saturated liquid
g Saturated vapor
gen Generator

H High

hi Hot stream inlet
ho Hot stream outlet
hx Heat exchanger
i Inlet

in Inlet

isen Isentropic

inner Inner

1 Liquid

L Low

m Mixture

max Maximum

min Minimum

mix Mixer

net Net power

0 Surrounding
out Outlet

outer Outer

P Pump

\% Vapor




Tube

th Thermal

tot Total

T Turbine

S Shell

sa Saturated vapor

sep Separator

SW Saturated liquid (water)
w Water

win Water inlet

Abbreviations

Symbol Description

AP Approach point

AWKRC Ammonia Water Kalina Rankine Cycle

AWRC Ammonia Water Rankine Cycle

ARC Absorption refrigeration cycle
Tpp Boiling point temperature
CAES Compressed air energy storage
COSQC Central Orga for Standardization and Quality Control

DF Dryness fraction

Tap Dew point temperature

ed Energy donor

ea Energy acceptor

HRVG Heat recovery vapor generator
SKCS Simple Kalina cycle system

MKCS1 First modified of Kalina cycle

XI




MKCS2

Second modified of Kalina cycle

MKCSE Experimental of Kalina cycle

HTR High temperature regenerative

HP Horse power

K Number of processes in the subsystem
KCPC Kalina cycle power cooling

KLPCC Kalina cycle power cooling vapor absorption cycle
LiBr/H,O Lithium Bromide-water

LMTD Logarithmic Mean Temperature Difference
LCV Lower calorific value

LTHS Low-temperature heat source

NH;-H,O Ammonia-water

Ni Total number of measurements

ORC Organic Rankine Cycle

OTEC Ocean thermal energy cycle

RC Rankine Cycle

RKCC Rankine-Kalina Combined cycle

PPRKC Parallel cogeneration power and refrigeration
PP Pinch point

SD The standard uncertainty

TTD Terminal temperature difference

Xaverage The average readings of temperature
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Introduction

1.1 General

Simple Kalina cycle system (SKCS) was invented by Alexander
Kalina (Russian engineer) in 1967 and firstly was demonstrated in
Paratunka, Russia. Then in the 1980 this cycle has been completely tested in
USA. The industry was not ready to use this type of the technology because
this technology uses low temperature sources to produce power. During the
decade 1980-1990 the technology development of the energy production was
focused mainly on the improvement of high temperature technologies
effectiveness that is of large power stations operated on conventional fuels.
There 1s a big need to generate power with lower emissions to the atmosphere
and to develop new effective technologies of energy production. One of these
technologies is the Kalina cycle system. Simple Kalina cycle system (SKCS)
is modification of Rankine cycle. It is suitable to produce power from low
temperature, intermediate temperature and high temperature heat sources.
The range of the low temperature is from 100°C to 200°C, the range of the
intermediate temperature is from 250°C to 300°C and the range of the high
temperature is from 400°C to 600°C [1]. Kalina Cycle System which is
working with low temperature consists basically of vapor generator,
separator, mixer (absorber), condenser, turbine and pump as shown in fig
(1.1). The SKCS which operates with intermediate temperature is more
complicated than SKCS which works with low temperature as it has no
throttling. It consists of seven heat exchangers, two pumps, two mixers
(absorbers), separator, condenser and turbine. This cycle operates with two

pressures level with one condenser as shown in fig (1.2) [2].

Kalina Cycle System which is working with high temperature is most
complicated of them (simple Kalina and KCS works with intermediate

temperature). It consists of seven heat exchangers, two pumps, throttling
1
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valve, two condensers, separator and turbine. It is noticed that this cycle
operated with three pressure levels with two condensers as shown in fig (1.3)
[2]. In many developing countries, especially Iraq, there exit two major
problems namely, electrical power shortage and environmental pollution. In
Iraq the electrical power demand exceeds the power production by more than
100%. Also all power generation stations in Iraq burns fossil fuel, which is
considered as a major source of pollution. The present work is a step to
improve electrical power generation capacity from the existing power
station, mainly gas turbine units, by installing Kalina cycle as a bottoming
cycle and make use of energy available in combustion gases as a heat source
for Kalina cycle by improving the power production capacity the fossil fuel
consumption will be reduced and hence reducing pollutants emission

especially carbon dioxide which is the main cause of greenhouse warming.

o Electrical

Waste heat Generator

Separator

v. Throttling valve

AN
9
Absorber

4 ." 4 Condenser
22X ]
Selution Pump

CWin CWout
10 11

Figure (1-1) Simple Kalina Cycle System Works with Low Temperature [2].
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1.2 Existing Installations

Many Kalina cycle system are installed in few countries. There are
two Kalina power plants in Japan and one Kalina power plant in Iceland,
Italy, USA and Germany. The capacity of Kalina cycle was (3-6 MW) in
Canoga Park (California) in USA in 1991-1997. The capacity of Kalina cycle
power plants in Japan (1999), one of them SMW in Fukuoka city and the
second 3.1 MW plant with waste heat recovery from the steel plant, in
Sumitomo. In 2000 another plant was built with (2 MW) in Iceland, Husavik.
Germany installed a power plant of (3.4MW) in 2007. After that Kalina cycle
was developed and used widely in hundreds of plants in China, India, USA
and everywhere [3]. Kalina cycle is used with wide range of power

generation and heat as shown in fig (1-4).

\

B-oiler G
é— | _l: — ey
. -
HT Recuperator

Figure (1-4) Kalina Cycle to Generate Power [3].

1.3 Description of Kalina Cycle.

The Kalina cycle is a principle modification Rankine cycle. It uses a
working fluid comprised of at least two different components for example
aqua-ammonia (water and ammonia), Lithium-Bromide-water (LeBr-H,0),

Methanol-water and Ethanol-Hexanol. The binary working fluid consists of

4
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two components (absorbent and refrigerant). Kalina cycle system can be
operated by different types of energy sources such as geothermal energy,
biomass energy and waste heat (exhaust from a gas turbine or a gas from
boiler). Kalina cycle replaces the previously used Rankine Cycle as a
bottoming cycle for a combined cycle energy system for generation
electricity using low-temperature heat resources, Alexander I. Kalina
designed a new power cycle in which ammonia-water is used as a working
fluid [3]. In this cycle there are many varieties. The heat transfers from the
hot gases to the working fluid (aqua-ammonia) in the heat exchange known
as heat recovery vapor generator (HRVG). Then the working fluid passes
through the separator and separates it into two parts. First part (strong
solution is saturated vapor of ammonia and water) goes to the turbine with
high ammonia concentration around (0.85 to 0.95). The second part is weak
solution passes to the mixer through the expansion valve with low ammonia
concentration around (0.20 to 0.40). After the expansion valve the weak
solution at low pressure mixes with strong solution which comes from the
turbine. Then the working fluid with different ammonia mass fraction around
(0.25-0.5) passes through the condenser to leave it as saturated liquid and
then passes through the pump to leave it as sub-cool to the HRVG [4].

1.3.1 Why Kalina Cycle?

Kalina cycle has the following advantages compared with Rankine cycle [3]:
1- Generate 10%-20% more power than conventional steam power

generation technologies (simple Rankine cycle).

2- Have lower capital costs due to smaller heat exchangers.
3-The demands of cooling water and infrastructure are low.
4- The maintenance is easy and doesn’t take long time.

5- Kalina cycle use binary working fluid.

5
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6- It works with low temperature (100°C-200°C).

7- It uses waste heat as a heat resource, also it works with different source of

energy such as (geothermal, solar energy).

8- It can use different concentration ratio, providing a good deal of

flexibility.

9- Effect of Kalina cycle on the environment is a very small such as Global

warming (near zero), smog and depletion of ozone layer (zero).
1.4 Working Fluid-Mixture and its Thermodynamic Properties

The working fluid in Kalina cycle consists of two substances, absorbent and
refrigerant such as ammonia-water. The working fluid mixture should have

the following thermodynamic properties:

1- They should have different boiling point and dew point temperatures.
2- They should have good miscibility.

3
4- They should be save and non-toxic.
5

6- No solid formation during the operation condition.

The refrigerant should have high latent heat of evaporation.

The heat of mixing should be low.

1.5 Temperature-Mass Fraction (T-x) Chart for Binary Fluid.

The T-x diagram for any binary fluid consists of two intersecting curves at
any pressure. The upper curve represents the saturated vapor curve of the
binary fluid while the lower curve represents the saturated liquid curve at
same pressure. Fig (1.5) shows the T-x diagram for the ammonia-water
binary fluid. At point (1) the working fluid is pure water (x=0), which means
a single component fluid, while at point (2) the working fluid is pure
ammonia (x=1) which is also a single component fluid. For 0<x<1 the

working fluid is a binary fluid. In this region the temperature of the saturated
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vapor differs from that of the saturated liquid at same ammonia mass fraction
(x). For example at x=0.7 the temperature of saturated liquid is -8.5 °C
(point3) and the temperature of saturated vapor is 88°C (point 7), see fig
(1.5). It must be mentioned here that for single component fluid the saturated
liquid temperature is the same as the saturated vapor temperature. Fig (1.5)
shows also that for same temperature the ammonia mass fraction in the
saturated liquid is different than that in the saturated vapor as shown in points
6 and 5. The advantage of that is producing a binary vapor mixture at wide
range of temperatures and dryness fractions with same refrigerant fraction,
or it is possible to produce a binary vapor mixture with different refrigerant

mass fraction and dryness fraction for same temperature.
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The working fluid which is used in our work is aqua-ammonia (NH3-H,O).
The temperature of the saturated liquid water (Tsy), as shown in fig (1.6),
represents the temperature of pure water at x=0. The temperature of saturated

vapor (Ts,) represents the temperature of pure ammonia at x=1. If the

7
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temperature i1s located between the (temperatures of saturation liquid (Tsyw)
and dew point temperature (Tqy)) at any x the state of this region is assumed
at considered pressure is a meta-stable vapor saturation. Same in the liquid
zone, it is also assumed a meta-stable liquid state for ammonia between the
saturation temperature of pure ammonia (Ts,) and the bubble point of the
mixture (Typ). The ammonia mass fraction on the saturated liquid curve is x¢
while on the saturated vapor curve it is X,. For the range of temperature T, <
T < Ty the vapor is a wet vapor. In the liquid zone below the bubble point
Typ the liquid is a sub-cooled liquid. Kalina has a good flexibility to suit wide
range of many heat source temperatures. The type of potential sources are
direct burning (fuel), solar energy, hot water from another plant and waste
heat recovery. Many of waste heat sources such as engine exhaust may be
used as a source with Kalina cycle system. In this work the boiler hot

combustion gases is used to produce vapor.
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Figure (1-6) the Various States on T-S and T-X Diagrams [4]

1.6 Low Grade Heat

Many low grade energy sources are shown in table (1.1), which are available
at different temperature ranges. There are many energy sources, such as solar

energy, geothermal energy and waste heat or low grade heat, are promising
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energy sources. Organic Rankine Cycle (ORC) and Kalina cycle system are

the main cycles were developed to convert low-grade heat into power.

Table (1.1) Temperature Range of Various Types of Low-Grade Sources [2]

Temperature Range (°C) Sources Temperature
70-800 Solar thermal

149-370 Geothermal

80-400 Industrial waste thermal

1.7 Objective of the Present Work
The objectives of the present work are summarized below:-

1- Study and analysis theoretically the simple case of Kalina cycle system,
first modified of Kalina cycle system (MKCS1) and second modified of
Kalina cycle system (MKCS2) with ammonia-water mixture as working
fluid and the waste heat recovery from the hot gases of boiler. The study
includes the energy and exergy analysis.

A- The first modification is the addition of a heat exchanger between the
separator and expansion valve (economizer 1).

B- Second modification is adding another heat exchanger (economizer 2) to
heat the high pressure liquid (after the pump) by the wet vapor coming

from the turbine.

2. Study and analysis experimentally the modified Kalina cycle system
(MKCSE).

3. Test the cycle performance with different values of maximum pressure
from 10 bar to 40 bar with step of 5 bar and different value of
minimum pressure from 2 bar, 3 bar and 4 bar. Also the ammonia mass

fraction at turbine entrance from 0.85-0.89 with step of 0.1. Also
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different dryness fraction at separator inlet from 0.2-0.4 with step is
0.1.

4. Test the cycle performance at different values of ammonia mass
fraction at turbine inlet and different dryness fraction at separator inlet.

5. Design and build modified Kalina cycle system (MKCSE).

1.8  Layout of the Dissertation
This dissertation consists of six chapters are:
e The introduction and general overview are introduced in chapter one.

e Chapter two gives a systematic and comprehensive review of the

literature related to the research problem.

e Chapter three is devoted to the experimental construction and

measuring instrumentations.

e Chapter four studied and analyzed theoretically the Kalina cycle
system and the modification modal of Kalina cycle system with

different maximum and minimum pressure.
e Results of the study are presented and discussed in chapter five.

e The conclusions and suggestions for further studies are summarized

in chapter six.

10
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Literature Review
2.1 Introduction:

The demand for power is in rising with the increasing population and
advancement of civilization, while the conventional resources such as fossil
fuel are insufficient and decreasing. Therefore, it is important to look for
other sources of energy to meet population needs. Other types of energy
resources are wind, geothermal, solar, waste heat and so on, but some of
these energies are of low grade. Low grade energy (solar energy, geothermal
energy, biomass energy and waste heat (industrial thermal) means that heat
1s extracted from low and medium temperature sources whose energy density
is small and can't be converted to work using available technologies. Special
technologies are needed to convert low-grade energy sources into useful
power. Temperatures of low grade energy sources range from atmosphere
temperature to about 400°C Nihaj and Uddin [4]. The first technology used
was Organic Rankine Cycle (ORC), which uses low boiling temperature
organic working fluids to recover heat from low temperature heat sources.
Another technology was suggested by Alexander 1. Kalina in 1980. It
involved a new cycle using aqua ammonia (NH;3-H,O) as a working fluid
and this type of cycle was called Kalina cycle system Ibrahim, Kalina and
Kalina [5, 6 and 7]. Kumar et al [8] reported that KCS 1 is important ,
which consisted of eight parts: two heat exchangers, throttling valve, pump,
absorber, turbine and separator. In this cycle the working fluid (NH3-H,0)
was heated in heat exchanger and then passed into the separator. It is similar
to Rankine Cycle (RC), both of them have vapor generator, turbine,
condenser and pump. The difference is the heat source, separator and the
mixer. It is preferable for small units(less than 20 MW) and used as a
bottoming cycle. The cycle is shown in fig (2.1).The working fluid is a

solution consists of two fluids with different boiling point. As a binary
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mixture, the aqua ammonia mixture is very important in Kalina cycle system.
The concentration of the working fluid changes throughout the cycle. The
working fluid which is used in Kalina cycle system consists of at least two
or three different constituents for example ammonia and water. The binary
working fluid consists of two components (absorbent and refrigerant). Aqua
ammonia mixture improved system thermodynamic efficiency and provided
more flexibility of numerous operating situations. It is working in low
temperature range (100°C-200°C) to generate power, cooling and heating. It
is the best bottoming cycle for the combined cycle, it has better
thermodynamic performance than the RC and ORC. The impact of Kalina
cycle on the environment is very small. It Generates 10%-20% more power
than conventional steam power generation technologies (simple Rankine
cycle). The capital cost is low because KCS uses small heat exchangers and
lower plant auxiliary loads. Kalina cycle uses binary working fluid such as
ammonia-water or lithium Bromide-water and it can work with different
concentration ratios. It uses a waste heat or renewable energy as a resource
such as (geothermal, solar energy) to produce power. It needs a short time

for maintenance.

2.2 Kalina Cycle System for Power Generation:

Chen et al [9] studied experimentally the effect of inlet temperatures
of both cooling water and heat resource on the system efficiencies such as
exergy efficiency and thermal efficiency. The model used in this study was
ammonia-water Kalina-Rankine Cycle (AWKRC) and ammonia-water
Rankine cycle (AWRC). The results revealed that the thermal efficiency and
the exergy efficiency of KCS were 18.2% and 41.9% respectively, while the
thermal efficiency and exergy efficiency of AWRC were 21.1% and 43%
respectively. Zhang et al [10] analyzed the performance of heating and

power generation of integrated system of aqua ammonia Kalina cycle-
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Rankine cycle. The integrated system (ammonia-water Kalina-Rankine
cycle (AWKRC)) was based on the KC and converted to the RC with a set
of valves. The RC could achieve extra heating by around 55.3% of the
heating load which was absorbed in the evaporator and its efficiency was
23.7% higher than that of Kalina cycle system. Deepak and Gupta [11]
studied the effect of the turbine inlet concentration, strong solution
concentration and separator temperature on the cycle efficiency and specific
power. The results showed 11.77% cycle efficiency at a separator
temperature of 125°C and 95% vapor concentration. Congcong et al [12]
developed a pinch-based mathematical model and optimization of Kalina
cycle. The mathematical model improves heat integration with variable heat
capacities and enables the modifications of KC simultaneously. The study
leads to a 15.8% increase in net power output and a 4.13% decrease in the
efficiency. Ulirk et al [13] compared the Kalina cycle system and Kalina
Split cycle. The Kalina split-cycle and Kalina cycle is based on the same
principles, the difference between of SC and KCS is the SC has two
evaporators but the KCS has one evaporator. Two streams of different
ammonia mass fraction enter the boiler. Both of them use the same working
fluid (ammonia-water). The changing of ammonia concentration is the main
difference between them. Five different concentrations was tested in the
Kalina split-cycle. The results showed that the power for the split cycle (SC)
with reheat is higher than the power for KCS without reheating by around
5.1%. The power of the SC without reheat is higher by about 2.5% than the
reference KCS. Also the Split-cycle with reheat is able to produce around
11.4% more power for the same heat source conditions. Eller et al [14]
studied and analyzed techno-economic evaluation of the Kalina cycle system
(KCS) and the Organic Rankine Cycle, with the temperatures of the heat
source are 200°C, 300°C and 400°C. Also they analyzed the pressure and the

temperature of the heat source, the capacity of the heat exchanger, parameter
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size and the output power. When increasing the temperature of the heat
source the costs will decrease. For ORC with hexane/toluene at 300°C and
400°C heat source temperature the cost amount 49.7% and 39.8% of the costs
for 200°C respectively. The output power of the Kalina cycle (KC) with
ethanol/hexanol shows up to 3 MW higher gross and 3.5 MW higher net
power compared to Kalina cycle (KC) with aqua ammonia (NH3-H,O). The
heat exchanger capacity for the Organic Rankine cycle (ORC) with
ethanol/hexanol was 66.7% lower than heat exchanger capacity compared to
Kalina cycle system with aqua ammonia. Modi et al [15] analyzed and
optimized thermo economically the Kalina cycle for a central receiver
concentrating solar plant. This work used a high temperature KC for central
receiver concentrating solar plant with direct vapor generation and without
storage. The Kalina cycle system consists of two recuperator, three mixers,
two pumps, throttling valve, two condensers, separator and turbine. The
results showed that, the specific investment cost for KC is still within the
ranges. Knudsen et al [16] analyzed the energy and exergy of Kalina cycle
system used in concentrated power plants with direct steam generation. The
results showed that Kalina cycle system has no benefit to generate power
from the solar energy directly. The efficiency of KC was less than that of RC
by about 5%. The RC was preferable when using just heat from the solar
receiver directly. Revz and Engelhard [17] studied the Kalina cycle version
KSGa2. It is very complicated cycle. It consists of six heat exchangers, three
separators, three pumps, four mixers, two expansion valves and turbine. This
cycle has the highest output of electricity as shown in Fig (2.2). Zhao et al
[18] studied and analyzed a Kalina cycle system (KCS 6) integrated with
compressed air energy storage (CAES) system. They performed
thermodynamic analysis (energy and exergy analysis) and the parametric
analysis. The suggested system consisted of two parts or two cycles: CAES

and KCS 6. The exergy efficiency can be improved about 4%, and it can be
14
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further improved after parameters optimization. Another version of Kalina
cycle system is called KCS6 as shown fig (2.3). The overall efficiency of the
cycle with out and with KCS6 was 42.68% and 46.42% respectively. Long
et al [19] studied the effect of the evaporation pressure (Py.x) and ammonia
mass fraction (x) of ammonia-water mixture (NH3-H,O) on the performance
of Kalina cycle system 11(KCS11). The optimal case results showed that all
efficiencies increased with the increasing of the inlet temperature (waste
heat). The results showed that, there is an increase in the exergy efficiency
from58.88% to 72.75% and the optimum evaporation pressure was 2100kPa.
Ahmed and Karimi [20] studied the effect of inlet temperature with fixed
pressure on the performance of Kalina cycle system 11 (KCS11). The range
of the temperature was taken from 130°C to 200°C and the range of the
pressure was chosen from 2MPa to 5 MPa with a step of 0.5 MPa. The results
showed that when the inlet temperature increased the thermal efficiency
increased too. At pressure of 2MPa with the range of input temperature (130-
160°C) the efficiency increased from 1.64% to 8.91 %. Adi et al [21]
adopted and studied Kalina cycle system as a bottoming cycle in Wayang
Windu. A geothermal sources was used as a main heat source to produce
power. Kalina cycle system (KCS 11) which consisted of ten parts, five heat
exchangers, turbine, two pumps and two mixers. The system can produce
1660.3 kW of power from 48 kg/s of used brine with 13.20% energy
efficiency. The results also showed that for different pinch temperatures (5,
10, 15, 20°C), the best performance was found at 5°C. Another version of
Kalina cycle (KCS5) studied by Sayed and Tribus [22]. It is a direct fired
plants and it has a refinement arrangement, which is KCS5n similar to KCSS5.
KCS5n is used with low temperature, but KCSS5 is used with the hot gases
are mostly used to superheat rather than boil. It is used for large unit and
proposed for the gas turbine-based bottoming cycle. Milenko et al [23]
analyzed another type of Kalina cycle (KCDCS) used in biomass plants. The
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results showed that it has advantages and a feasible alternative to initial
KCS11. Gaosheng et al. [24] analyzed the performance on Kalina cycle
works on a dry hot rock geothermal source power production. In this system
used two condensers high and low pressure was used to condensate the
working fluid (aqua ammonia) mixture. Water was used to cool the
condensers. The results showed that, when the temperature of the heat source
increases the energy efficiency and power recovery increases too. The range
of the thermal efficiency was between 8.5%-18%, at the range of the heat
resource temperature of 150 °C-220 °C as shown Fig (2.4). Nasruddin et al.
[25] studied and analyzed the energy and exergy of Kalina cycle system 34
(KCS 34) with different ammonia mass fraction of aqua ammonia (NHj3-
H,0). The heat source was low temperature geothermal resources. The
working fluid used in Kalina cycle system 34 was ammonia-water. They
used four concentrations of aqua ammonia (78% ammonia and 22% water),
(81% ammonia and 19% water), (84% ammonia and 16% water) and (85.5%
ammonia and 14.5% water). For mass fraction 85.5% the highest exergy
efficiency is 69%, mass fraction 84% is 68.6%, mass fraction 81% is 67.1%,
mass fraction 78% is 66.9% as shown in fig (2.5). Modi and Haglind [26]
studied Kalina cycle system (KCS) in high temperature (500°C) and high
pressure over than 100 bar. They studied and compared among four types of
Kalina cycle system. The types are KCS12, KCS234, KCS123 and
KCS1234. The types of Kalina cycle depend on the number and location of
the recuperators. It is named as KCS12 because it used two (first one and the
second one) recuperators, also KCS 234 used three (second, third and fourth)
recuperators and so on for the others (KCS123 and KCS 1234) as shown fig
(2.6). The comparison was based on the cycle efficiency and the amount of
water requirement for cooling. When the turbine inlets ammonia mass
fraction (x) increases the cycle efficiency increases for all Kalina cycle,

except KCS234 where the cycle efficiency decreased when mass fraction (x)
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increases. When the mass fraction increases the amount of cooling water
decreases for all the KCS, except with the KCS234 the amount of cooling
increases. The KCS 1234 has the highest efficiency of 31.47%, at inlet
turbine pressure of 140 bar, x=0.8. The KCS 123 has the second highest
efficiency of 31.46%, at inlet turbine pressure 140 bar, x=0.8. While the
lowest efficiency was for the KCS 234 which was 27.35% with the inlet
turbine pressure (100 bar), x=0.8. Parvathy and Varghese [27] studied the
effect of two turbines on the performance of Kalina cycle system. The aim
of this work was improving the power output and improve the efficiency of
Kalina cycle system with used two turbine expansion. In this work MKCS
was proposed with two turbines and reheat between of them. The
modification of Kalina cycle system (MKCS) was tested with different
intermediate pressure. In this modification Kalina cycle system (MKCS)
with two turbines and intermediate heating the vapor after expanding in the
high pressure turbine is separated, reheated and expanded again in the low
pressure turbine. The results showed that, the efficiency of MKCS was
improved up 4.04% compared to simple kalian cycle system. The maximum
efficiency was obtained was 28.7% for intermediate pressure of 35 bar. Diniz
and Raul [28] studied and improved the generation of electricity with this
cycle can reach around 2.725 MW, with energy efficiency of 21.8% and
exergy efficiency of 55.2% and the cost of the generation was
278.03$/MWh. Ishida and Kawammura [29] studied and analyzed
thermodynamically and economically on the Kalina cycle system 1-2 (kcs1-
2). It consists of six heat exchanger, two pumps, separator, expansion valve
and turbine. It was used for waste heat recovery from a cement factory as
shown in fig (2.7). The result was a reduction in the cost of electricity and
the cost of the generation was 240.003/MWh. Qu et al [30] studied and
analyzed the Kalina cycle system with solar energy as heat source. It consists

of three parts concentrator, photovoltaic subsystem and the Kalina cycle
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subsystem with an absorption as shown in fig (2.8). Photovoltaic can work
in low-temperature conditions. When use absorption chiller, if the pressure
at turbine outlet decreased the power increased by 4.2%. The results showed
that the waste heat with very low temperature around 60°C and 70°C can be
used for producing power with efficiency between 4-5%. Hoon et al [31]
compared between the Kalina flash cycles (KFC) and simple Kalina (KCS).
The main reason to add flash vessel is to protect the blades of the turbine. If
the flash pressure increased the exergy efficiency increased. The results
showed that the enthalpy which exits from the separator was 1732.60 kl/kg.
Also the exergy efficiency decreased with the increasing of ammonia
concentration with constant of flash pressure as shown fig (2.9). Lee et al
[32] compared the exergy analysis, thermodynamic performance and
optimization of Organic Flash Cycle and Organic Rankine Cycle. The results
showed that the thermal efficiency was improved by flash from 10% to 20%.
Gharde et al [33] designed and studied basic kalian cycle system (KCS)
operated with the waste heat from the exhaust of the gasoline engine. The
engine was a four cylinder, four stroke, water cooled, S.I engine with a
capacity of 1196 cc and a power 73 HP at 6000 rpm. The overall thermal
efficiency increased from 40% to 60% with the use of Kalina cycle. Kalina
cycle system was also developed for the conversion of ocean thermal energy
(OTEC) to electricity. The used working fluid was aqua-ammonia Uehara
et al [34], gasoil engine works combined cycle Jonsson [35] the cycle works
by coal (solid)-fired.

2.3 Kalina Cycle for Power Generation and Cooling

Dhahad et al [36] analyzed a new integrated system
thermodynamically and thermo economically. The new integrated system
consisted of a modified Kalina cycle (MKC) and an absorption refrigeration

cycle (ARC) used for producing power and cooling together. It was driven
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by a low-temperature heat source (LTHS). The results showed that, the
suggested power generation and cooling system can produce 158.3 kW as a
net power output and 1084 kW as cooling capacity. Lui et al [37] studied
the coupled system which consists of two cycles, the first cycle is an
absorption chiller, while the second cycle is a Kalina cycle system 34 (KCS
34). The waste heat source is divided into two parts: the first part is high-
temperature used to generate power, the second part is low-temperature used
to produce cooling effect. Fig (2.10) displays the schematic diagram of the
integrated coupled cycles LiBr/H,O and NH3-H,O. The net power output
increases with the increase of the ammonia concentration. Zhang et al [38]
studied and analyzed the parallel cogeneration power and refrigeration of
Kalina cycle (PPR-KC). The parallel means that the working solution which
passed through the mid-pressure absorber was splited into two branches. The
first one goes to the turbine via preheat, boiler and throttling valve then to
turbine to produce power, while the second branch goes to evaporator via
pump, preheat, rectifier/generator then to the evaporator to produce cooling.
The results showed that, when the dew point in the boiler was 255°C and the
working fluid concentration was 0.5, the minimum split fraction was 0.57
and the corresponding optimized basic concentration was 0.34. Demirkaya
et al [39] studied theoretically the effect of different boiler pressures,
ammonia concentrations, rectifier temperature and expander isentropic
efficiency on the output power, cooling production and efficiencies. They
also experimentally studied the effect of the evaporation pressure on the
production of vapor at the separator, which was responsible for providing the
mass flow circulating through the expander. The results showed that the
maximum theoretical effective first law and exergy efficiencies were 7.2%
and 45% respectively. Abam et al [40] used a modified Kalina power-
cooling cycle (KCPC) as a topping cycle while the vapor absorption cycle as

a bottoming cycle. This system was called modified Kalina power-cooling
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vapor absorption cycle (KLPCC). The energy efficiency and COP were
increased from 13.82% to 16.39% and 0.59 to 0.75 respectively. Shanker
and Srinivas [41] proposed a new cooling cogeneration cycle to generate
cooling and power from one source of heat. They used two types of working
fluids i.e. aqua ammonia and LiBr-water mixture. The cycle power
efficiency of the LiBr-water was higher than aqua-ammonia. The efficiency
of cooling cycle cogeneration was as high as 3-13% it was 1-1.65% for

ammonia-water cooling cogeneration cycle.

2.4 Choice of Working Fluid and Its Thermodynamic Properties

Fig (2.11) shows (T-s and T-x) diagrams for the fluid used in the KCS. The
T-s diagram shows that the heat is added at variable temperature in KCS in
the mixed phase region due to the use of binary fluid, while in RC the heat
is added at constant temperature. The T-x diagram shows that the boiling
temperature of the binary fluid decreases as the volume fraction of the
refrigerant increases. The selection of the working fluid is based on their
environmental characteristics such as low boiling temperature, non-toxicity
and zero ozone depletion according to Kumer et al [42]. These working
fluids are classified into four groups based on the component with low
boiling temperature, which are, R32 group, propylene group, propane group
and CO; group as shown in table(2.1) Hettiarachchi [43].The most suitable
for KCS is a mixture of aqua ammonia (NH3-H,O). Ammonia-water (NH;-
H,0) mixture have properties different from the properties of just water or
just ammonia Khankari et al [44]. Pure ammonia and pure water, both of
them have constant and steady temperatures of condensing and boiling, but
the mixture of aqua ammonia has varying temperature to condense and boil.
The thermo physical properties for just water or just ammonia are constant,
but the thermo physical properties of the mixture of ammonia-water are

varying by changing the ammonia concentration Ogriseck et al [45]. Table
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(2.2) shows the type of cycle with working fluid and their efficiencies from
[46- 49]. Nasruddin et al [50] analyzed and optimized Kalina cycle and
absorption cycle to produce power and cooling. In this work the main heat
source was Lahendong geothermal source. Ammonia-water (NH;3;-H,O)
mixture was used as the working fluid, with a concentration ratio of 70%
ammonia and 30% water. With Kalina cycle (KC) the exergy efficiency and
exergoeconomic is better than that with Rankine cycle (RC). The thermal
efficiency of Kalina cycle is around 40%-60%. The properties of the working
fluid pair depends on the thermodynamic properties of the pure substances.
The properties of the working fluid which are important to be considered are
as follows [51]. The range of the boiling point of the mixture can be provided
by low waste heat. There should be a high miscibility between the
components of the mixture. The process of changing the liquid saturation to
vapor saturation is none isothermal (none zoetropic). There should be a low
heat of mixing, no solid formation, low cost and availability. It is very
important for low boiling point and high latent heat of vaporization for the
refrigerant, but is not important for the absorbent. There should be a low

viscosity for both of them. No toxic and environment friendly [52].

2.5 Working Fluid Circulation in Kalina Cycle.

Kalina cycle is similar, in principle to, Rankine Cycle (RC). Both of
them have vapor generator, turbine, condenser and pump. The difference is
the heat source, separator and the mixer. It consists of six items: turbine,
condenser, mixer, pump, generator and separator as shown in fig (2.1). It is
preferable for small units(less than 20 MW) of total output used as a
bottoming cycle. The working fluid enters the generator as sub-cooled liquid
and leave the generator as wet vapor. The working fluid will be separated
totally into saturated liquid and saturated vapor in the separator. The

saturated vapor expanded in turbine and leaves as a wet mixture and mix
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with the weak solution that comes from the separator in the mixer. Then it
leaves the mixer as wet vapor and enters the condenser. At condenser exit it
is a saturated liquid which is then pumped by pump to the generator as sub-

cooled liquid, Eller et al and Park [53 and 54].

2.6 Types of working fluids is used in Kalina Cycle System
There are many pairs of working fluids used in Kalina cycle system,
such as H,O-NH3, LiBr-H,0O, Methanol-H,O and Ethanol-H,O. Every pair

consists of refrigerant and absorbent.

2.6.1 Aqua-Ammonia

It is very important and used in many applications. It is used as
working fluid since the mid of 19" century and it was extended for
commercial and residential cooling, heating purposes and used it with Kalina
cycle system. Water (R718) is the absorbent, while the ammonia (R717) is
the refrigerant, they have same molecular weight. The boiling point of water
and ammonia in atomic sphere are 100°C and -33°C respectively. The

freezing point for water and ammonia 0°C and -78°C respectively.

2.6.2 Lithium-Bromide-Water (LiBr-H,0O)

Lithium- Bromide is a salt represents the absorbent in Kalina cycle
system and the water represents the refrigerant. The lithium bromide is sold
salt; its density is 3464 g/cm?. It is soluble in water and not flammable. It is
not toxic but it can cause eye damage/irritation and itching the skin. It is a
highly corrosive brine and concerns crystallization problem. It is used in
many applications such as cooling, heating and in Kalina cycle system to

produce power.

2.6.3 Methanol-Water

Methanol (ethyl alcohol) is a clear, colorless liquid highly flammable,

and it is used to dissolve other chemical substance. It has a good solubility
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in the water. The density of CH3OH is 0.981 g/ml. Methanol represents the
refrigerant and the water represents the absorber. Also it is used in Kalina
cycle system to produce power. Methanol and water nearly have the same
properties, both are of comparable size, and hydrogen bonding.
Consequently, they are fully miscible in each other and have high boiling
temperature, but the density of water is higher than the density of ethanol

2.6.4 Ethanol-Hexanol

The boiling point of the ethanol (C;HsOH) is 78°C, while the boiling
point of hexanol (C¢H;30H) is 157°C. In this pair the ethanol represents the
refrigerant, while the hexanol represents the absorbent. This pair is used in
Kalian cycle system to produce power, but with higher cost compared to
aqua-ammonia [14]. Generally, this pair produces more power than aqua-

ammonia by a factor of by 1.5.

2.7 Thermodynamic Analysis of Kalina Cycle

The thermodynamic analysis includes both energy and exergy
analysis. This analysis is performed for a typical Kalina cycle system 1 (KCS
1), shown in fig (2.1). This cycle consists of six components: turbine,
condenser, mixer, pump, generator and separator. The analysis is performed

for each component as explained below.

2.7.1 Energy and Mass Analysis

The governing equations to be solved are the continuity equation and the first
law of thermodynamic (energy equation) applied for each component of the

cycle.

Zml = Zmo (2.1)
> mex)i = ) (mex)e 22)
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ZQ+Zmihi:ZW+Zmoh° (2.3)

The analysis is based on the following assumptions: -

1-Steady state and steady flow process.

2- Pressure and heat losses in the connecting pipes are neglected.

3- The heat exchanger's effectiveness is unity.

4-All the process are adiabatic.

5- Change in KE and PE of fluid in each component are neglected.

The above equations are used in the thermodynamic analysis of each
component in the cycle with specific assumptions.

2.7.2 Kalina Cycle Efficiency
The cycle thermal efficiency is calculated as follow:

n :Wnet:WT_WP
th Qin Qin

(2.4)

Where Q;, is the net heat in the heat recovery vapor generator

Rogdakis [47] suggested the following empirical mathematical formulation
to calculate the thermal efficiency of the cycle (KCS) in terms of low

pressure (pr) as

Nen = PiL + BP, +C (2.5)
OR

Nen = Ay + by Ty + ¢, T (2.6)
Where: -

A, B and C are constant
Py is the low pressure of the cycle

N¢p 18 the thermal efficiency
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Ty is the maximum temperature of the cycle.
Ty is the minimum temperature of the cycle.

ay, by and ¢, are constants

a, = —0.049 — 0.0022T, (2.7)
1

b, = 0.0035  0.92P¢ (2.8)

¢, = —2.36%1076 —2.19 x 1076 P, + 3.14 x 10”7 P? (2.9)

2.7.3 Exergy Analysis
The exergy analysis is also performed for each component under same
general assumptions. The rate of exergy flow of fluid stream is written as:

Hoon et al [31]:

E=mx[h—h,—T,*(s—s,)] (2.10)
Wee = W, — W, (2.11)
The subscript o denotes the state of surroundings [47].

Where W,,,, is the net power, W, is rate of work produced by turbine and

W, is rate of work consumed by pump.
E,, =E, —E, (2.12)
Where Ej, is the total exergy obtained from the hot fluid (exhaust)

The exergy destruction is

Ed =X E.m -2 Ec;ut + Wnet (2.13)
The total exergy destruction in the cycle is

(Ed)cycle = Z Edi (2.14)

The exergy efficiency of the cycle is
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Wnet

Nex = (2.15)

(Eln - Eout)hot gases
Where 7., is the exergy efficiency

The exergy analysis for each component is performed under same

assumptions as in the energy analysis.

The exergy flow of fluid stream is also written as, Wall et al [48]:

ZAHK =0K=1,...,K" (2.16)

Where K" is the number of processes in the subsystem, classified into energy

donors and energy acceptors, the above equation becomes

ZAH,‘id +ZAH,3‘1 =0 (2.17)

Where the super script ed and ea are the energy donor and energy acceptor,

respectively.

According to the second law of the thermodynamics the entropy equation is

ZASK=ZAS§d+ZAS§“ZO (2.18)

The exergy is

AEy =Y AHe—T, Y ASk (2.19)
D AE =), ).

Wall et al. [48] suggested the following equation for the availability (A).
A =AE/AH (2.20)

AH — T-AS TyAS
A=——— =1

AH AH

(2.21)

If AS=0 (reversible process) then the availability A=1

The aqua. (2.19) will be:
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—ZAEK = ZAH,?“ (A2 — AZ). (2.22)

If k~ goes to infinity the relation becomes:
—de = j(Aed — A°Y)dH*®® (2.23)

Note, by plotting A°d and A®* with H®, the exergy loss is represented by the
area between A® and A® this plot is named Energy-Utilization Diagram

[48].

2.8 Energy-Utilization Diagram

The Energy-Utilization Diagram (EUD) for KCS is presented in fig
(2.12) [48]. This figure shows and illustrates the transfer of energy from the
donor (A*) to the accepter (A®) and the energy level. Care should be taken
about the pinches because the pinches is not easy to find. Fig (2.12) is divided
to different regions related to the components of the KCS. The loss of exergy
in each component is shown as the area between the energy donated and
energy accepted lines (shadowed area). The biggest shaded area in the boiler
and the second is turbine, the third is the condenser Murugan and
Subbarao, Wang et al and Rumminger et al [55, 56 and 57].

2.9 Comparison between Rankine and Kalina Cycles
1. In a common RC power plant, the working fluid is water, and in ORC the

working fluid is a low molecular weight and low boiling temperature fluid.
2. KCS uses binary mixture to improve thermodynamic efficiency.

3. The relative gain of the RC (works in low temperature) is less than the
relative gain of KCS.

4.The thermal efficiency of RC is less than the thermal efficiency of Kalina
cycle because the average temperature of heat rejection of RC is more than
in KCS, and the average temperature of heat addition of RC is less than in

KCS as shown in fig (2.13) Kumar et al [8].
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5. In general, the performance of KCS is better than the performance of both
RC and ORC.

6. A family of Kalina cycles are used in different fields such as electricity
production from solar energy, waste heat, geothermal and biomass Kumar
et al [8]. A plant operating on Kalian cycle produces 30% to 50% more
power than an Organic Rankine Cycle (ORC) plant Leibowitz [S8].

7. Kalina cycle achieves higher exergy efficiency than RC and ORC Wang
et al [56].

8. The Kalina Cycle System (KCS 1) has additional degree of freedom, but
the RC has not, the working fluid is a binary mixture such as (NH;3-H,0),
LiBr-H,O, Methanol-H,O and Ethanol-H,O [58-63].

9. The working fluid selected for ORC is R245fa, while for RC is water and
for KCS11 is NH; -H,O mixture Lin et al [64].

2.10 Summary

Kalina Cycle System was designed for using instead of RC or ORC as
a bottoming cycle for the combined-cycle energy system as well as for the
generation of electricity or cooling using low-temperature heat resources.
The review of previous literature has shown many different versions and
improvement of Kalina cycle system. Some of researchers added extra
components to the cycle such as heat exchangers, separators, turbines and
condensers to improve the performance. Other researchers used flash to
protect the blade of the turbine. Also they used waste heat, solar energy,
geothermal energy and biomass energy as heat sources. Also they used
different types of working fluid such as aqua-ammonia, LiBr-water,
methanol-water and ethanol-hexanol. There are limited works, how to
exploit the heat in the weak solution that come from the separator. Also how
to exploit the heat in the strong solution that exit from the turbine and use

another heat exchanger before the turbine to superheat the strong solution
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before it passes throughout the turbine. Table (2.3) displays the development
history of Kalina cycle types.

2.11 Contribution of the Present Work

It is clear from the previews cited survey that most research focused on
improving the performance of Kalina Cycle System. They used many
working fluids such as LiBr-H,O and aqua ammonia (NH3-H,0O). The
present research aims to develop a new versions of Kalina cycle. This work
includes three modifications of simple Kalina cycle system (KCS1). The first
modification is the use of heat exchanger between the separator and
expansion valve to improve the efficiency of the simple Kalina cycle. This
developed version will be tested experimentally and theoretically with
different operating conditions such as high pressure, low pressure, ammonia
mass fraction at turbine inlet and dryness fraction at separator inlet. The
performance of this new version shall be compared with that of KCS1.The
second modification is the use of another heat exchanger between the turbine
and the pump to reduce the heat rejected. This developed version will be
tested theoretically only with the same operating conditions and the results
will be compared with the results of first modification and with basic simple
Kalina cycle. The third modification is the use of a cooling system to cool
the mixer, it is named diabetic process. The waste heat from the combustion
gases of a boiler shall be used as a heat source in the heat recovery vapor

generator (HRVG).
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Table (2.1) Working Fluid for the KCS 11 [42].

Proposed binary mixtures
(0, mixtures R32 mixtures Propane mixtures Propylene mixtures
(0,-DME R32-DME R290-Ra01 RI1270-R601
(0,=R1270 R32-R600 R290-R600 RI270-R600
(0;-R290 R32-Rab0a R290-Ra00a RI1270-R600a
(0,-Re01a R32-Rella R290-Ré0la RI270-R601a
(0,-Ré0l
(0;=R600a
(0,- R0
Refrigerant NFB ("C) GWP Hig (kilkg) Flammability Toxicity ASHRAE safety [14]
Ammonia (R717) M <1 1370 Yes Yes B2
Water (R718) 100 0 25 No No Al
Carbon Dioxide (R744) 78.46 1 232 No No Al
Difluoromethane (R32) 5165 650 382 Yes No A2
Propylene (R1270) 47,62 3 38 Yos No A3
Fropane (R290) 4111 ] 425 Yes No A
Butane (R600) 049 3 386 Yes No A3
lso-butane (R600a) -11,749 3 365 Yes No A3
Pentane (RA01 ) 36,06 3 37 Yes No A3
lso-pentane (R601a) 735 3 M3 Yes No A3
Dimethylether (DME) HIR2 2 465 Yes No A3
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Table (2.2) Combined Ammonia-Water Kalina Cycle from the Literature

Reference | Cycle Type Working | Efficiency %
fluid
Thermal | Exergy

Zheng et | Kalina Theoretical | Ammonia- | 24.2 37.3

al. [47] water

Amano et | Kalina Experimental | Ammonia- | N.A. N.A.

al. [61] water

Amano et | Kalina Theoretical | Ammonia- | N.A. N.A.

al. [62] water

Takeshita | Kalina Experimental | Ammonia- | 26 N.A.

et al. [49] water

Table (2.3) Kalina Development Status [4]

System | Application Development
KCSI1 Bottoming cycle small plants Design completed
KCS2 Low temperature geothermal Design completed
KCS3 High temperature geothermal and industrial waste | Under development
KCS4 Cogeneration Planned
KCS5 Direct-fired for coal and other solid fuels Design completed
KCS5n | High temperature gas-cooled nuclear reactor Design completed
KCS6 Bottoming for utility combined cycle Design completed
KCS7 Direct fired, split cycle Under development
KCS8 Bottoming cycle, split cycle Under development
KCS9 Retrofit subsystem Under development
KCS12 | Low temperature geothermal Design completed
KCS34 Cascade utilization of low-grade waste heat Design completed
KCDCS | Biomass chip plants Design completed
KCS-11 | Bagasse-fired cogeneration plant of sugar industry | Under development

38

Literature Review




Chapter Three

Experimental Work



(= L Experimental Work

Chapter Three: Experimental Work

3.1 Introduction

Kalina cycle is used to recover part of the waste thermal energy which
is otherwise rejected to the environment. Therefore, the aim of this research
work is to recover part of the heat rejected with the combustion gases of a
steam boiler available in the power plant laboratory at the Department of
Mechanical Engineering-College of Engineering-University of Babylon.
The boiler is fired with diesel fuel which has an assumed average chemical
formula of C;¢Hs4 fuel. The mass flow rate of the combustion gases is
calculated, based on the stoichiometric chemical reaction equation, and
found to be 120.704kg/hr. The temperature of these gases in the chimney is
measured and found to be 175°C. However, in the experimental study, the
heat source (combustion gases) was replaced by an electric source supplies
the same input heat as combustion gases to ensure the continuity of the cycle
work regularly. The work of Kalina cycle system requires a stable and
continuous source. Achieving such a complex system requires practical
capabilities and a high cost that the University of Babylon lacks. Therefore,
this system cannot be built inside the university campus. All these reasons
led to the replacement of the external source with an electrical source. Kalina
cycle is a closed cycle for electrical generation similar to the Rankine cycle.
The design and fabrication of each component of Kalina cycle system is
illustrated in this chapter, as shown in fig (3.1). It consists of heat recovery
vapor generator (HRVG), separator, turbine, electric generator, heat
exchanger (HE), throttling valve, mixer (absorber), condenser and pump as
shown in fig (3.2). The construction is carried out in the local markets. The
testing of the system is done in the power plant laboratory at the Department
of Mechanical Engineering-College of Engineering-University of Babylon.

Water and ammonia mixture is chosen as a working pair. The experimentally
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constructed cycle is a modification of a simple Kalina cycle and is named as

(MKCSE) as seen fig (3.3).

condenser supply pump
cooling system turbine with electrical generator
mixer cooling water tank

heat exchanger solution tank

r-—- - Fu-q

heat recovery vapor generator control panel

- (e ||

separator

Figure (3- 1) Experimental Rig Component
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3.2 Description of Simple Kalina Cycle

As mentioned earlier, the simple Kalina cycle is the first version of

Kalina cycles. It consists of the following components:
1-Heat recovery vapor generation (HRVG)
2-Separator

3-Turbine

4-Mixer (absorber)

5-Condenser

6-Solution Pump

7-Throttling Valve

However, in the present work this simple version is modified by
adding a heat exchanger after the separator to recover part of the heat of the
weak solution to heat the working fluid coming from the pump. The MKCSE
water-ammonia as a working pair, where water is the absorbent and ammonia
is the refrigerant. The source of heat for MKCSE heat recovery vapor

generator is an electrical heater to ensure continuous operation of the cycle.
3.3 Design of Modified Kalina Cycle System (MKCSE)
The design of the MKCSE includes the following

1- Choosing the proper working pair
2- Calculating the required mass flow rate of working pair
3- Thermodynamic design of the cycle as a whole and each component

which is based on mass-energy and exergy balances

The thermodynamic design which depends on the mass, energy and

exergy conservation equation.
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Zml = Zmo (3.1)
ZQ‘+Zmihi=ZW+ZmOhO (3.2)
Edeor = ) Ein= ) Eous (3:3)

Where

(E2) o is the total rate exergy destruction (kW).

E;, and E,,, are the rate of exergies input and output respectively (kW).

3.3.1 -Choosing the Pair of Working Fluid Type

The first step in designing Kalina cycle is to choose the proper
working pair. In this research the ammonia-water pair is chosen as the
working fluid. The selection of the working fluid is based on their
environmental characteristics such as low boiling temperature, non-toxicity
and zero ozone depletion. The main advantages of ammonia are: it can
operate under low evaporating temperatures and no crystallization.
Ammonia (NH3) has better heat transfer properties than most of chemical
refrigerants and therefore allow for the use of equipment with a smaller heat
transfer area. Thereby plant construction cost will be lower. The ammonia
has the advantage of self-alarming leakage, because of its overpowering
odor. The disadvantages are corrosion and irritation. Ammonia causes the
corrosion particularly with the copper, so the copper metal is excluded
because of its rapid corrosion with the solution, which leads to rapid failure.
Exposure to high concentrations of ammonia in air causes immediate
burning of the eyes, nose, throat and respiratory tract and can result in
blindness, lung damage or death. Inhalation of lower concentrations can
cause coughing, and nose and throat irritation. Table (3.1) shows the
properties of aqua-ammonia for many pressure from 20 bar to 40 bar with
step 5 bar. It shows the temperature, specific enthalpy, specific entropy and

the specific volume for the saturated liquid and saturated vapor at ammonia
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mass fraction x=0.85 at turbine entrance and dryness fraction=0.3 at

separator inlet. Also Vy, represents the volume of the mixture at separator

inlet.
Table (3.1) Properties of NH3-H20
P T: Te h¢ hg St S vi*103 v *103 Vn*103
(bar) | © © (ki/kg) | (ki/kg) | (ki/kgK) | (ki/kgK) | (m°/kg) | (m*/kg) | (m°/kg)
20 55.442 | 135.523 | 164.147 | 1670.353 | 0.831 5.108 1.3549 15.0999 | 5.4784
25 63.941 | 143.385 | 211.264 | 1676.314 | 0.957 5.028 1.3837 12.2625 | 4.6474
30 72.541 | 149.548 | 251.106 | 1677.249 | 1.083 4.956 1.4115 10.0612 | 4.0064
35 78.542 | 155.297 | 284.607 | 1677.660 | 1.183 4.896 1.4401 08.5287 | 3.5663
40 85.700 | 160.159 | 320.450 | 1678.285 | 1.283 4.839 1.4667 07.4065 | 3.2486

3.3.2 Calculation of the Required Mass Flow Rate

The calculation of the mass flow rate should be able to generate the

maximum possible power from the available waste heat. So the design of the

maximum output power for the cycle depends directly on the mass flow rate.

There are three mass flow rates during the cycle, the main mass flow rate,

the strong solution mass flow rate and the weak solution mass flow rate. The

mass flow rate depends on

The amount of energy which is available from the thermal source.

e The size of the turbine which should suit the amount of the energy to be

converted into work.

e The size of the solution pump.

e Throttle valve (weak solution throttling).

The design of the Kalina cycle depends on the existence of a throttle

valve that controls the amount of discharge (weak solution) between the
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separator and the mixer (absorber). It represents an important balancing
parameters in the cycle. The calculation of the required mass flow rate during
the cycle is started from the pump. The displacement pump has three
cylinders and the diameter (ds) and the stroke (LS) are 2.02 cm and 2.15 cm
respectively. Firstly calculating the mass per one cycle at Ppax=35 bar and

x=0.47 (the ammonia mass fraction for the working fluid) as shown below:-

V, = A, * LS (3.4)
wd?
A== (3.5)

Ag = 3.20474cm?

d?

V, =—2x%LS (3.6)

V, = 6.8902cm3

Where

V, the volume of one cylinder
LS the stroke

ds the diameter of the cylinder

Voump = n *V, (3.7)

Vpump = 20.671cm? For one cycle

Pmix = X * pygz + (1 = X) * pag (3.8)
kg

Pmix = 047 x 686 + 0.53 1000 = 85242 —
(3.9)

Mpump = Pmix * Vpump

Mpump = 0.01762 kg per one cycle
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For N=10 RPM

. N

Voump = Vpump * 60 (3.10)
. 0 L om3

Voump = 20.672 % =5+ 107° = 345+ 107° —

Mpump = Pmix * Vpump (3.11)

Myump = 0.0029 kg/s

Where

n is the number of cylinder

Pmix 1s the density of the mixture (kg/m?).

Mpyump 18 the mass of the working fluid for one cycle (kg).
N is the revolution of the pump

Vpump i the volume flow rate (m*/s)

m is the mass flow rate (kg/s).

pump

Fig (3.4) shows the relationship between the mass flow rate at turbine
entrance and the speed of the pump (RPM). This calculation method is used
to calculate the mass of the working fluid, the total mass flow rate, the mass

flow rate at turbine entrance and the speed of pump.
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Figure (3.4) Relationship between Strong Solution and Pump Speed (RPM).
3.3.3 - Design of the Different Cycle Components
The design is based on the following general assumptions

1-Steady state operation throughout the cycle.

2-The pressures of the HRVG and condenser are constant. Also the pressure
constant at the separator and the mixer (absorber).

3-Throttling process is isenthalpic.

4-The isentropic efficiencies of pump and turbine are 100% and 85%
respectively.

5- The coupling efficiency between the turbine and electrical generator is
0.91.

6-Pressue losses, heat losses and friction losses in pipes are neglected.
7-The effectiveness in HRVG and condenser is unity(e = 1).

8-All cycle components are adiabatic.

9-The absorption process in the mixer is considered as diabatic. The kinetic

and potential energies changes in all components are neglected.
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10-The used water and ammonia are pure substances.

11- The inlet temperature of the hot gases is 175°C . The temperature at the
entrance of the turbine equals the saturation temperature at turbine pressure.
12- The pinch point (PP) in the HRVG is 20°C. The terminal temperature
difference (TTD) at evaporator part of the heat recovery vapor generator
(HRVG) inlet with hot gases is taken at 15°C. Approach point (AP) in the
boiler is 2°C.

13-Table (3.2) shows the quality of working fluid at each key point in the
cycle presented in fig (3.3).

Table (3- 2) the Situation of the Fluid during the MKSC1

Point Situation

1 Saturated vapor mixture (strong solution)

2 Wet vapor mixture (strong solution)

3 Wet vapor mixture (working fluid)

4 Saturated liquid (working fluid)

5 Sub-cool liquid (working fluid)

5 Warm liquid (working fluid)

6 Hot liquid (working fluid)

7 Wet vapor (working fluid)

8 Saturated liquid mixture (hot weak solution)

8 Saturated liquid mixture (warm weak solution)
9 Saturated liquid mixture (warm weak solution)

3.3.3.1 Heat Recovery Vapor Generator (HRVG)

The design is based on the specific assumption in addition to the general

assumption mentioned in section 3.3.3, where

1- Constant wall temperature which equal 175°C.

2- Nusselt number equals 3.66 for fully developed and laminar flow.
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3- One dimensional heat transfer (along tube radius).
The HRVG is an aluminum pipe wrapped with an electrical heater. The
length of the heater is 3m, the power of the heater is 2000W with voltage
220V. Mass and energy balances are bused in the design. The design of
HRVG consists of two stages
A- First stage (sensible heating)

Mass balance
mg = mg = My (3.12)

Where the m; is the mass flow rate at the entrance of HRVG, my is the mass

flow rate at point6 and mr is the total mass flow rate during the HRVG.

The energy (Q,,,;)which loses from the source is equal to the energy (Q;,,)

that gains by the working fluid.
(Qout) = (Qin) (3.13)
hg *A* (T, —Ty,) =mg*c, *x (Tg — Ts) (3.14)

Where h, the heat is transfer coefficient and ¢, is the specific heat of the fluid

mixture. Cp=3251.2 J/kg K of NH; - H,O mixture as pointed by [66]

h, * D
Nu = = (3.15)
km
Nu * k
« =" n (3.16)
A=7'[>|<D>|<L1 (3.17)
T + T:
= =2 > > (3.18)
mr xc, * (T. — Ts
L r*cp* (To —Ts) (3.19)
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Where Ty, 1s the bulk temperature, Nu=3.66 for internal flow with constant
wall temperature. k,, =0.45 kW/m K is thermal conductivity of NH3;.H,O
mixture pointed by [66]

B- Second stage (Boiling stage)

Same mass balance of first stage

m, = mg = My (3.20)
Energy balance
hy x A= (T, — T,) = iy * DF * hg, (3.21)
A=mnx*Dx*L, (3.22)
T, +Te
b= (3.23)

There two equations for hy is the boiling heat transfer coefficient, Ty, is the

temperature of the wall, Ty, is the saturation temperature.

If (Q;,/A) < 16 use this equ. (3.24)[73]

1
h, = 1042 % (T,, — Tsqr)3 (3.24)

If 240 > (Qi/A) > 16 use equ. (3.25)
hy = 5.56 * (Tw - Tsat)3 (3.25)

Qin/A < 16 then equ.(3.24) is used in the design. Where A is the

surface area of the tube.

my *x DF x h
L,= ! 19 (3.26)

1
1% D« 1042 (T, — Tsqr)3 * (Tyy — Tp)

LT = L1 + LZ (3.27)
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The tube is made from aluminum. It is designed with thickness 1 mm, length
2 m, outer diameter 16 mm, inner diameter 14 mm. With assuming the fully
developed, the properties are constant. Figs (3.5) and (3.6) represent the
photograph and schematic diagram of HRVG.

Figure (3- 5) the Heat Recovery Vapor Regenerator (HRVG)

80 cm

7 % Q-]
Q( ----------
| 59
80 cm

Figure (3- 6) Schematic diagram of HRVG Tube Dimensions.
3.3.3.2 Separator

The separator is a horizontal cylindrical vessel made of stainless steel
and used to separate the liquid by gravity from the liquid-vapor mixture see
fig (3.7). The vapor is tapped from the top of the cylinder. The state of the
working fluid entering the separator is wet vapor with 0.3 dryness fraction.
Fig (3.8) shows the separation process on T-x diagram (1-7-8). It is assumed
that wet vapor enters the separator, saturated vapor leaves the separator and

enters the turbine, and saturated liquid leaves the separator and enters the
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heat exchanger. It is also assumed that the separation processes happen at
constant pressure. The separator volume calculation based on the mass per
one cycle which is calculated from the pump equals 0.01762kg per one cycle

as following:

Viep = Vsep * M (327)
Vsep = (1 — DF) x vy + DF * v, (3.28)
Vr = X * Vrypz + (1 — %) * Vppgo (3.29)
Vg = xVgny + (1= X)Vgnz0 (3.30)

Mypump = 0.01762kg per one cycle

From the steam tables of the water and ammonia at P,,x=35 bar, the specific
volume of water and ammonia (Vgp20, Vgnus,Vrnus Vrrzo) can be found.

The dimensions of the separator are the length of the cylinder of 60cm, the
inner diameter of 13.8cm, outer diameter of 15¢cm and the thickness of

0.6cm. Real size of the separator=8974.3¢m?
Vsep = 288 cm? < real size of the separator
Where

Vsep 18 the volume of the separator

Vonusz and veyys are the specific volume of ammonia saturated vapor and

ammonia saturated liquid.

Vnzo and Vgppo are the specific volume of saturated water liquid and

specific volume of saturated vapor.
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Figure (3- 7) the Separator
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Figure (3- 8) the Separation Process on T-x diagram.

3.3.3.3 Turbine and Electrical Generator

The design point of the turbine includes each of power output, mass
flow rate, and rotor speed. The turbine parts are illustrated in fig (3.9A and
B). The type of turbine used is radial impulse turbine, single stage and has
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12 blades. Fig (3.9C) shows all the dimensions of the turbine which is used
in this work. The maximum and minimum speed are 9000RPM and
6000RPM respectively. The maximum power of this turbine is 1500W and
the maximum temperature bears it around 400°C. The isentropic efficiency
of the turbine is 85% and the coupling efficiency between the turbine and
electrical generator is 91%. There is a nozzle connected to the turbine in
order to push the strong solution that comes from the separator. The nozzle
is connected with turbine by a tangent angle of 10° see fig (3.9D). The
diameter of the nozzle is 2 mm and the ratted pressure is 30-40 bar and its
maximum pressure is 50 bar. Also there is a gear box between the turbine
and the electrical generator as shown fig (3.9B), the type of the gear box is
epicycle gear box with change ratio of 1/5. The benefit of the epicycle gear
box is to reduce the speed to be suitable with the electrical generator. The
electrical generator as shown in fig (3.9E) produces on DC current with
voltage of 12 volt. Its capacity is 1000 W and the range of the speed is 1200
RPM to 1800 RPM. Moreover the turbine is sported by lubrication system
to cool it and remain it for long time. The lubrication system consists of tank,
electrical oil pump and tubes. The capacity of the tank is 4liters see fig (3.9F),
the electrical oil pump operates with DC current as shown in fig (3.9 G),
voltage 12 volt, maximum pressure 10 bar and rated pressure is 6 bar. The
discharge of the electric oil pump is 10 cm?/s and the type of the oil is light
oil SNSW20, its maximum temperature is 100 °C and the rated temperature

1s 70°C.

(WT)act =m'y(hy — hs) (3.31)
(W) isene = m'1 (hy — hy) (3.32)
m,=m, (3.33)
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(e isome = (3.34)
Neh)isene = :

t isent hl _ hz

WElect

n . (3.35)

onp WTact
WElect = Ncoup * (WT)act (3.36)
WElect = ncoup * (rlt)isent * (WT)isent (337)

Where

Wi ece is the net power (kW)

(W75) qet is the actual power (kW)

(Wr)isentis the isentropic power (kW)

Ncoup 18 the coupling efficiency (%)

(Men)isent 18 the isentropic efficiency (%)

m’,, m’, are the mass flow rate at inlet and outlet of the turbine
h,, h, are the enthalpy at inlet and outlet of the turbine

hs is the actual enthalpy at turbine exit
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D

Figure (3- 9):(A) Turbine (B) The Connections, (C) Turbine Dimensions, (D) The
Nozzle, (E) Electrical Generator, (F) Oil Pump and (G) Tank Of Oil With Oil Pump.

3.3.3.4 Heat Exchanger

The chosen configuration of the heat exchanger is the concentric
double pipe as shown in fig (3.10). The hot fluid coming from the separator
flows in the inner diameter while the cold fluid coming from the pump flows
in the annulus. The presence of the heat exchanger reduces the required heat

in the HRVG and reduces the cooling utility required in the mixer (absorber).
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The assumptions are the wall temperature (Tyan) 1s the average between the

temperature of inlet hot stream and the outlet temperature of cold stream.
Gather the required information:

Thot in + T,
Twall — hot_in > cold_out (339)

Inlet and outlet temperatures of the hot and cold fluids (T not in, T hot outs T

cold_in, T cold_out and Twall) are known.

Fluid properties (density, specific heat and thermal conductivity) for both hot
and cold fluids are also known and inner and outer pipe diameters (Djpner and

Douter) are known as well.

To find heat transfer coefficients (h; and h,) for Laminar Flow (Re <=2300),
Seider Tate equation is used [75]. These equations are applicable for laminar

flow conditions in both the inner and outer pipes.

4xm,

Rei = m (340)
4X1M,

Reo = m (341)

Where Dy, = 2 X (1, — 17)

For the inner pipe:

h; = 0.027 Re*S Prs (i)o'14 () (3.42)

mn Us Din

For the outer pipe:

h, = 0.027 Re*/® prs (i)o'14 (Foer) (3.43)

out Us Douter

Where G = Aﬂ (area of the mass flow rate (kg/s.m?)

Calculate the log mean temperature difference (LMTD):

LMTD = (AT, — AT,)/In( AT,/AT,) (3.44)
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For Counter-current flow

AT; =Ty — Teo (3.45)
AT, = Tho — Tej (3.46)
Calculate the overall heat transfer coefficient (U):

1/U = Do/hi.Di + Do.In (Do/Di)/2k: + 1/hg (3.47)

Q = My, CPp (Th,i - Th,o) (3.48)

Determine the required heat transfer area (A) based on the desired heat

transfer rate (Q) and the overall heat transfer coefficient:

Q=U=xAxLMTD (3.49)
. Q

A= U« LMTD (3-50)

A=mxD,*L (3.51)

Calculate the length of the double-pipe heat exchanger:

L Q
D, Ux* LMTD

(3.52)

Viscosity is calculated for both streams at wall temperature (Tw).
Where

Ac: Cross sectional area (m?)

A: Surface area (m?)

U: Overall heat transfer coefficient (W/m?.K)

LMTD: Logarithmic mean temperature difference

my,: Mass flow rate of hot stream (kg/s)

cpn : Specific heat of hot stream (kJ/kg K)

Thi , Tho: Inlet and outlet temperature of hot stream (°K)

D; : Inside pipe inner diameter (mm)
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D, : Inside pipe outer diameter (mm)

L : Length of double pipe exchanger(m)

k¢: Thermal conductivity of the tube material (W/mK)

Hw : Viscosity of fluid at Tyan (Pa.s).

h; : Convection heat transfer coefficient for inner pipe (W/m?°K)

h, : Convection heat transfer coefficient for annular pipe(W/m?K)

Separator

(a)

12mm

Figure (3- 10) Heat Exchanger
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3.3.3.5 Throttling Valve

The throttling valve is located between the heat exchanger and the
mixer (absorber) to reduce the pressure of the hot liquid from P to Prin.
The throttling process is assumed to be at a constant enthalpy and adiabatic.
The throttling valve that is used in this work consists of a body and a needle
(tapered needle). The slop (angle) of the needle is 4 to help slowly change
in the mass flow rate. The throttling valve parts are illustrated in fig
(3.11).The orifice method is used in this work to measure the mass flow rate
due to its low friction losses and high change pressure (AP). The calculation

is carried out under the following assumptions:
Assumptions

1. Incompressible flow (weak solution is liquid).
2. The flow is subsonic.
3. All the properties are constant such as c;, W, p
To apply the Bernoulli equation across the orifice fig (3.12) to measure the

pressure drop (AP) [70]
AP = 2% (V7 = V) (3.53)

By continuity equation:

cho =A; xVy = A, xV, (3.54)
Qtho Qtho
==V, =0 (3.55)
: 2(P1—P;) Ay
Qtho = — * = (3.56)
Pmix /1_[2_?]
Pmix = X * pypz + (1 — x) * pyao (3.57)

X:0‘33pNH3 = 68Okg/m3, Puz20 = 1000kg/m3
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The equation (3.56) will be

: 2(P1—P;) A
Qact = Cd * pim_xz * 12 2 (358)
-2

nd3 m* (2R)?
A= T

(3.59)

The discharge coefficient (C4q) is a dimensionless number used to
characterize the flow and pressure losses behavior of the orifices in fluid

systems.

Where:

Cq is a discharge coefficient (0.65) [70].

A\ is cross section area before the orifice.

A, is cross section area of orifice.

Q1o is the theoretical volume flow rate (m?/s).
Qact is the actual volume flow rate (m*/s).

R is the radius (mm).

Fig (3.13) shows the relationship between the pitch of the throttling valve
and the volume flow rate or the mass flow rate at P,,,x==35 bar, P.,;;=2 bar and
ammonia mass fraction=0.85. The pitch equals 1.26 mm for one turn of the

screw (2m)
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Figure (3- 11) Throttling Valve

d,=5 mm

d1=15mm
Throttling valve

2n=1.25 mm

bbb il

Mixer

d2=5mm [~

D=6 mm

Figure (3- 12) Schematic of Obstruction Orifice Meter
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Figure (3- 13) the Relationship between the Mass Flow Rate of weak solution and the
Pitch of the Throttling Valve at Pmax=35 bar and Pwin=2 bar.

3.3.3.6 Mixer (Absorber) Design

The design of the absorber is the same as that of the separator but at
low pressure. The absorber design depends on whether the process is
adiabatic or diabetic. There are two important parameters that effect the
mixer efficiency which are the temperature of the mixer and the ammonia
mass fraction in the weak solution. The mixer is a horizontal cylinder shaped
vessel that mixes the weak solution (saturated liquid) coming from the
separator with the strong solution (wet vapor) coming from the turbine. It is
made of stainless steel as shown in fig (3.14). The mixing process is shown
in fig (3.15) on the T-x diagram. The strong solution comes from the turbine
(state2) is mixed with weak solution coming from the separator (state 9). The

mixture is represented by state 3 which is wet vapor.
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Ammonia steam tube returning from the
Pressure gauge point inside turbine
the mixer
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] inside the mixer
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Figure (3- 14) the Mixer (Separator)
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Figure (3- 15) Diabetic Mixing In Absorber to Result A Saturated Liquid Solution
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The mixer (absorber) volume calculation based on the mass per one cycle

which is calculated see section 3.3.2 as 0.01762kg per one cycle as

following:

Vinix = Vmix * Mpump (3.60)
Umix = (1 — DF3) * vp + DF;3 * v, (3.61)
Ve = xVpypz + (1 — X)Vruz0 (3.62)
Vg = XVgypz + (1 — X)Vgp20 (3.63)

Mypump = 0.01762kg per one cycle

From the steam tables of the water and ammonia at P,,;,=2 bar, the specific

volume of water and ammonia (Vgp20, Vgnus, Vrnus, Vrrzo) can be found.

The dimensions of the mixer are length is 60 cm, inner diameter is 13.8 cm,
outer diameter is 15 cm and the thickness is 0.6 cm. Therefore, the real size

of the mixer=8.97*10% cm’

Vimix = 3.77 * 103 cm3 < real size of the mixer
Where

Vinix 18 the volume of the mixer (absorber)

Vonnsz and venys are the specific volume of ammonia saturated vapor and

ammonia saturated liquid.

Vigzo and vegpo are the specific volume of saturated water liquid and

specific volume of saturated vapor.

DFj; is the dryness fraction at mixer exit
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3.3.3.7 Condenser

Serpentine Condenser Heat Exchangers are a very simple and given
reliable cooling or heating option for smaller spaces with basic climate
control needs. Therefore, it is used in the present work as shown in fig (3.16).
Serpentine air cooled condenser is designed to allow working fluid with high
inside pressure about 42 bar. Volumetric flow rate of air (Vair=0.2 m%/s) is
known. Also the specific heat of air is known Cp,;=1.005 klJ/kg K. The
density of the air is 1.16kg/m>. The quality of the working fluid at the
condenser inlet is wet vapor (point 3) and at the condenser outlet is saturated
liquid. The dimensions of the condenser are indicated on the fig (3.16) as
well as the length of the fin is 40m and its width is 0.043 m. The surface area
to volume ratio of the condenser is 3285m?/m?. Table (3.3) shows all the

results regarding the condenser. The design process depicted in appendix
(A).

Table (3- 3) Condenser Heat Exchanger Design Results.

Parameter Results
surface area to volume ratio 3285 (m?/m?)
Ac (contact area) 6.711 (m?)
Afin /Ac 0.95

fin thickness 0.0004064 (m)
heat exchanger height 0.3556 (m)
heat exchanger depth 0.06096 (m)
single tube length 0.5588 (m)
working fluid mass flow rate 0.00288 (kg/s)
tube thickness 0.001651 (m)
inlet air temperature 291.2 (K)
outlet air temperature 296.4 (K)
inlet working fluid temperature (T3) 317.4 (K)
outlet working fluid temperature (T4) 291.2 (K)
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Figure (3-16) Condenser Heat Exchanger

3.3.3.8 Pump

In this work the pump unit consists of four parts the motor, the motor
drive control (inverter), the solution pump and the motor/pump speed ratio
as shown in fig (3.17). Displacement pump is used in this work which
consists of three cylinders. Each cylinder has stroke of 2.15cm and a
diameter of 2.02cm. The speed of pump in revolution per minute is around
(5rpm-200rpm). The volume flow rate and mass flow rate across the pump

depends on the pump RPM. It is found that the mass per one cycle and the
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mass flow rate across the pump are as mentioned previously in section 3.3.2.
Fig (3.18) shows the relationship between RPM, total mass flow rate and the

frequency.

| Back to the main tank |

Figure (3-17) the Pump Unit

16

=
L

Tatal Mass Flow Rate®10° (kg/s)
[+]

o L L 1 1 i i i L L
20 40 60 B0 100 120 140 160 180 200
Pump (RPM;

Figure (3-18) Relationship between RPM and Total Mass Flow Rate
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3.4 Mixer Cooling Unit

The cooling cycle parts are illustrated in fig (3.19). This cycle is very
important to remove the heat from the mixer to increase water absorptivity
to ammonia. The quality of the working fluid is wet vapor with low dryness
fraction at mixer exit. This cycle is very active and useful for low pressure
in the mixer but with the pressure more than 3 bar it is not useful because of

the high temperature helps to rise the required pressure. It consists of

e Water tank made of stainless steel with capacity of 50litter.

e The condenser in this cycle is exactly same the main condenser with
a discharge of 0.2 L/s. The dimensions of the condenser are 58.5 cm
(width), 36.5 cm (height) and 5 cm (thickness) see fig (3-20).

e A digital flow meter is type 8000T with discharge (volume flow
meter) of 30 L/min as shown in fig (3-21).

e Center fugal water pump with a power of /2 HP (0.37 kW), a
discharge of 35 L/min, the speed 2850 rpm, voltage 220 volt and head
35m as shown fig (3.22) are used to circulate water.

e Control valve helps to control the amount of water.

e Heat exchanger located inside the mixer made of aluminum. The
dimension of this heat exchanger are inner diameter of 5 mm, outer
diameter of 6.5 mm, thickness of 0.75 mm, the number of turns are 3,
the length 3 m and the mass flow rate of water 0.0212 kg/s as shown
fig (3.23).

3.4.1 Heat Exchanger of Mixture

A steady-state mathematical model has been developed using the
computer software MATLAB based on momentum, heat and energy
balances. Heat transfer from the bulk liquid to the cooling water can be

calculated using Eq. 3.64 as pointed by Shi et al [67]
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_ T1—Twin
Q= e (3.64)
1 | n( /dti) | 1
asmdgg ' 2 ke ' (Ztﬂ'dti

Where Q is the heat that must reject per meter (kJ/m), T; is bulk NH;H,O

liquid mixture, dy, is tube outlet diameter, dy is tube internal diameter, k; is
tube thermal conductivity, and Ty, 1s water inlet temperature. Heat transfer
coefficient in tube side (o,) can be found by using the analytical solutions for
the heat transfer of single phase flow in tubes: considering a constant wall

temperature (Nu = 3.66) as pointed by Miyatabe [68] in the following

equation:
xky,,
q, = Dtk (3.65)
dgi

Heat transfer coefficient in shell side (ag)calculated based on Nefs [69]

empirical equations:

k,, Cpu \2/3
o« =22 [0.0084952 + 0.47752 (ms. ' ) (3.66)
d, k. L

Where dy 1s the hydraulic diameter (equal to tube diameter dy,), k 1s water
thermal conductivity, L is tube length, mis mass flow rate in shell side in
kg/hr.

Therefore, the mass flow required to cool the mixture of ammonia and
water can be calculated by using the energy balance as explained by Shi et

al [67]:

7hw,in = 7hw,out = mw (3'67)
mw,in * (pr * Tw,in ) +Q*xL=myy * (pr * wout) (3-68)
mw * CPy, * (Twout - Tw,in ) = Q * L (369)
I = 7hw * CPy, * (’gw,out - Tw,in) (370)

By using the above equations, the heat exchanger can be designed and the
tube length as well as the mass flow of the cooling water can be determined.

As shown in Table (3.4) design conditions and material properties.
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Table (3-4) Input Parameter to the Code

cooling water thermal conductivity (W/m.K) 0.6
tube inner diameter (m) 0.005
tube outer diameter (m) 0.0065
cooling water inlet temperature (°C) 20
bulk temperature of NH3:H;O liquid mixture (°C) 443
shell side mass flow rate (kg/hr) 10.4
specific heat of cooling water (J/kg.K) 4186

Table (3- 5) Design Results For Cooling Cycle

Cooling water mass flow rate (kg/s) Equivalent tube length (m)
bulk temperature of NH;H,0 =44.3 °C

0.01 1.412

0.02 2.824

0.0212 3

0.03 4.236

0.04 5.648

0.05 7.06

0.06 8.472

0.07 9.883

0.08 11.3

0.09 12.71

0.1 14.12
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Figure (3-19) Schematic Diagram of the Cooling Cycle
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Figure (3- 20) the Condenser
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Figure (3- 21) Digital Flow Meter Type 8000T

Figure (3-22) pump

Figure (3- 23) Heat Exchanger
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3.5 Calculation of the Required Total Mass (kg)

To calculate the required mass, the size of the pipes, of the mixer, of the
separator and of condenser should be found. The capacity of the main tank
is 30 litter as shown in fig (3-24). The calculation of mass of working fluid

is depicted in appendix (B).

The size of the separator=m * 1, * lsep (3.71)
The size of the mixer=m * 1%, * Ly (3.72)
The size of the condenser=a, * b, * [, x n, (3.73)

There are many pipes have different lengths and different diameters

The size of pipes which connected the heat exchanger to mixer to the tank

el (3.74)
The size of the HRVG=m * 1& * lg; (3.75)
Other plastic pipes= T * 1 * I, + T *x 17 * I, (3.76)

In this calculation the half size of the mixer and the half size of the separator

are taken into account.

Where

I'sep radius of the separator

I'mix radius of the mixer

lsep length of the separator (cm)
L length of the mixer (cm)

a., be, Ic and n. are the width, height of the cross section of tube of the

condenser, length and number of turns of the condenser tube.

76



CRAPIEE THEBE ..ottt sesseessenes s Experimental Work

1, and 1, are the radius and the length of the pipes which connected the heat

exchanger and mixer.
rsg and lsg are the radius and length of the steam generator.

11, I, 12 and I, the radius and the length of the two plastic pipes.

A control valve for the purpose Valve for
of the amount of solution .
returning from the condenser maintenance

The temperature measurement point of

the return solution from the condenser | § l 1 Control valve
, ' for mixing and
filling
Pressure gauge point .
inside the tank - & - A tube returning
Ty = to the tank when
pressure rises to
| &
[ - the pump
f
-
4 N
A
‘.
-~ A

Figure (3- 24) Main Tank

3.6 The Pressure Valves

There are two pressure valves. The first pressure valve is very
important to control and keep the maximum pressure of the separator and
control the mass flow rate at turbine inlet. It is located between the separator
and the turbine. The output power depends on the mass flow rate through the
turbine and must be controlled by a valve. The second valve is located
between the main tank and the ammonia storage of working fluid to control

the ammonia amount in the main tank during the charging see fig (3.25).
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Figure (3- 25) Pressure Valves, (A) Pressure Valve before the Storage Tank, (B)

Pressure Valve before the Turbine.

3.7 Measurements Device

3.7.1 Temperature Measurement

The calibration of the K-type thermocouple shown in fig (3.26) was
done in Central Organization for Standardization and Quality Control
(COSQC), Metrology Department-Physics Section. The calibration of the
thermocouple is illustrated in fig (3.27) which shows an error value equal or

less than (0.6°C).
Error=0.6 (°C)

|measured — reall|
Percent Error = oal * 100% (3.77)

Percent Error=0.0075%.

Uncertainty==+1°C

78



.................................................................................................................... Experimental Work

REX—C700

Figure (3- 26) Thermocouple, (a) Digital Panel, (b) Thermocouple Type and

Connections.
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Figure (3- 27) Calibration of the Thermocouple

3.7.2 Pressure Measurement

The type of pressure gauge used is Bourdon Tube as shown fig (3.28).
The range of the Bourdon gauge is between (0-60 bar). The calibration of the
pressure gauge is done in Central Organization for Standardization and
Quality Control (COSQC), Metrology Department/Mass & Pressure
Section/Pressure Lab. The calibration of the pressure gauge is illustrated in

fig (3.29). The figure shows that the error value is equal or less than (0.8
bar).

79



(= L Experimental Work

Error=0.7 bar

|measured — real|

Percent Error = * 100% (3.78)
real

Percent Error=0.02%.

Uncertainty==+0.15 bar

Figure (3- 28) Bourdon Gauge
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45

Bourdon Gauge Reading (bar)
= = » N w w B
o w (=] v o wi (=]

w

o

0 4 8 12 16 20 24 28 32 36 40
Calibration System Reading (bar)

Figure (3- 29) Pressure Calibration

3.7.3 Flow Measurement

There are two flow meters in this work. The first flow meter is an
orifice plate installed upstream the mixer to measure the flow rate into mixer.
The calibration of this flow meter as shown in fig (3.30). The second flow
meter in the cooling cycle. It is located between the pump and the heat
exchanger (condenser). The range of this flow meter between (0-10) I/min.
The calibration of the second flow meter is illustrated in fig (3.31).

Error=0.09 (L/min)

|measured — real|

Percent Error = * 100% (3.79)
real

Percent Error=0.0075%.

Uncertainty==+0.2 (L/min)
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Figure (3- 30) Calibration of the Orifice Flow Meter
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Figure (3- 31) Calibration the Second Flow Meter

3.7.4 Electrical Power Measurement
As stated before the function of this cycle is to generate electrical
power by a vapor turbine which rotates the electrical generator. The

voltmeter and ammeter explains in fig (3.32).
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Power (P) = Voltage (Vo)x Current (I)x COS6 (3.80)
Where Cos 8 is the power factor equal unity.

P is the electrical power (W).

Figure (3- 32) Power Measurement, (a) Ammeter, (b) Voltmeter.

3.8 Preparing Ammonia-Water Mixture (Working Fluid)

The preparation process of the ammonia-water mixture is performed
outside the cycle. The required mass of mixture is 20kg as explained in

section 3.5. The mass of water is fixed while the mass of ammonia changes.
The preparation procedure is as follows:

1- A clean and dry container is used for the process of mixing ammonia with

water with a volume of 20-liter.

2- A sensitive balance type (VALUE VES-50B) with 50 kg maximum
weight is used for measuring the mass of fluids. The accuracy of balance is

+2 g (+0.05%) see fig (3.33).
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Figure (3- 33) Sensitive Balance Type (VALUE VES-50B)

3- Turn on the electronic scale of sensitive balance, then weight the empty
container with its connections and record the reading where the weight of the

empty container with its connections is 0.5kg.

4- Determine the desired ammonia concentration of the solution. The mixing
ratio, and let it be x=0.47 (the ammonia mass fraction in the working fluid).
Then ammonia is weighed and injected into the container. The ammonia

mass is calculated based on the following equation:

m m m
x = TWH3 _ NH3 _ 1 _ MNH3 (3.81)
mr Myy3 + Myz0 My20

m
1—x=—4* (3.82)

Myz0
Myy = X * Mg (3.83)
mT = mNH + mH20 (3.84‘)
Mpyz0 = My — Myg (3.85)
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Myzp = 20 — 9.4 = 10.6kg

5- Add 10.6 kg of water into container, the water is free of impurities

(distilled water).

6- The container is connected to a source for the preparation of pure
ammonia, using a set of rubber tubes, pressure gauges, and valves controlling
the flow of ammonia from the source to the water bottle, and adding 9.4 kg

of ammonia. Fig (3.34) shows the connection method.

7- The mixture should be weighed accurately as it does not exceed the total
mixing ratio by adjusting the masses of the mixed materials of water and
ammonia to achieve a total mass of 20 kg. It is possible to target the total

mass less or more than 20 kg according to the requirements of the work.
8- For new concentration the same procedure is repeated.

9- After completing the weighing process, the mixture is left for 60 min for

stabilization.
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1- Mixing container 5- Ammonia storage (small)
2-The sensitive balance 6- Vacuum pump
3- Ammonia storage 7- Pressure gage

4- pure water
Figure (3- 34) Mixing Process Equipment
3.9 Charging

The charging process is carried out as follows:

1- The pump is used to empty the air from the system by connecting it to a
designated point in the separator, which represents the highest point in the
system, and it is point 1 in the cycle to ensure the emptying of air. The type
of the vacuum pump is WK-115, pumping rate 2 CFM, ultimate vacuum 150

micron and power rate is ¥4 HP as shown in fig (3.34).

2- Connect the container with the main system and connect it with the tank
designated for preparing the pump, point No. 4 on the cycle, and unload the
charge inside the system within a period of 10-15 minutes, and close the

valves after completion.

3- For the purpose of increasing the concentration of ammonia within the
mixture, we target a new or required mixing ratio and extract the mass of
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ammonia that must be injected into the system directly using the following

equation
Myhs;
;= — 3.86
Myys.
X; NHS; (3.87)

Myys; + Myzo,_,

4- An additional ammonia for example x=0.48 (the ammonia mass fraction
in the working fluid). The mass of which is added is 9.6 kg. The cycle already
has 9.4kg, should be inject 0.2kg of ammonia to the cycle, use another small
bottle with weight Skg ammonia. The electronic scale has the ability to
program gravimetrically and calculate the decreasing weight of the small
bottle before and after the injection process. The device is programmed to
inject an amount of 0.2 kg. The small bottle is connected with the control
valve and connected to the electrical power source of 220 volts, then the exit

valve is connected to the system (cycle) at point4.

5- Thus, the process is repeated for different concentrations by adding

ammonia directly to the system (cycle) the mass of water still constant.

3.10 Expermantal procedure

1. Preparing the mixture, and injecting it into the system, as explained in

sections 3.8 and 3.9 according to the test conditions.
2. Connecting the system with electrical source.

3. Making sure the pressure valves are closed and the mixer cooling system
is switched off. The main control switch has four grades (1, 2, 3 and 4) as

shown in fig (3.35).
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Figure (3.35) the Main Switch

4. Put the emergency switch on and turn the main control switch on the
number one. The number one represents test all the cycle parts
(thermocouples, pressure gages, pump and heat exchangers) before the

operation.

5. Put the main control switch on number two to operate the pump. The pump
starts to circulate the working fluid from storage tank to the HRVG and then

to the separator.

6. Open the throttling valve partially to avoid suffocation and to let the
working fluid pass from the separator to the heat exchanger via throttling
valve to the mixer, condenser, storage tank and then to the pump to complete

this cycle.

7. Open the throttling valve gradually to let mass flow rate passes to the

mixer (absorber).

8. Put the main control switch on number three to start the heating system
for 30 min and observe the temperature in the separator. The temperature
increases and the ammonia starts evaporating and the pressure increases till

80% to 90% from the pre-set maximum pressure.

9. Open the pressure valve which is located before the turbine gradually to
let the vapor of the mixture passes through the turbine. The pressure and the
temperature in the separator will drop. When the temperature in the separator

drops adjust the pump feed.
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10. When the pressure increases inside the separator, the opening of the valve
increases located before the turbine to let more amount of the vapor passes
through the turbine. Also we should control on the speed of the turbine by

increasing the load.

11. When the pressure in the separator increases the minimum pressure after

the turbine increases also the pump speed is adjusted.

12. For mixer cooling put the main control switch on the number 4 to operate

the mixer cooling system.

13. Leave the cycle operating until reaching thermal equilibrium i.e the

temperatures remain constant. It takes about 4-5Shrs.

14. Record the required data when the system reaches steady state at the
required pressures and temperatures. Then record the required data as shown

on the data sheet table (3.6).

Table (3.6) Data Sheet

Points Properties
P T X DF m h s v
1
2
3
4
5
6
7
8
9
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3.11 Data Processing

In this section, data is analyzed according to the first and second law
of thermodynamic. The data obtained from the experimental work includes
the properties of working fluid which are the temperature and pressure in
each point. To find the other properties such as the specific enthalpy, specific
entropy and specific volume tables are used. Figs (3.36) and (3.37) show the
thermal cycle of MKCSE on the T-x and h-x diagram respectively. The

procedure of analysis can be summarized as follows:
1-The mass flow rate is calculated.

2-The ammonia mass fraction at turbine inlet is selected for the working
fluid.

3-The dryness fraction at the separator inlet is selected and the dryness
fraction at pointl of saturated vapor equals one, the dryness fraction at

the separator exit point8 of saturated liquid equals zero.

4- The temperature and pressure in the separator are constant that is mean

T,=T;=Ts. The pressure is known in all points.

5- Go to the charts or tables to intersect the two data of ammonia mass
fraction and dryness fraction to get the xr and X, at constant pressure
and temperature. The dryness fraction equal zero at xrand dryness
fraction equal one at x,.

6- To find the dryness fraction at point 3, T3, x3 and P; are known from
the tables thus the dryness fraction can be calculated.

7- At the condenser exit, the situation of the solution is saturated liquid,
T4, x4, DF and P4 are known from the tables find all the properties at
point4.
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8- At the pump exit is point 5, the situation of the solution sub-cool

liquid. Also Ts, x5 and Ps are known from the table to thus all

properties can be found at point5. The pump work is neglected.

9- At the exit of heat exchanger, the situation of the solution is warm and

Ts, x5 and P5 are known from the tables, to find all the properties at

points.

10- At pOil’lt6 the (T6= Tboﬂing'ZOC).

11- At point7, the quality of the solution is wet vapor, T7, DF7, x; and P

are known from tables to find all the properties.

12- Applying the first law and second law of thermodynamic to find the

performance of KCSME for example, the conditions are used (Pmax=35
bar, Pnis=2 bar and x=0.85) to show the performance of KCSME as
shown in fig (3.36).and fig (3.37).

Wy =1y * (h; —hy)

WP =y * (hs —hy)
Wnet.z Wr — WP

Ein = thy * (hy — T, * s3)

Eout = my * (h7 — T, * 57)

(Ed)tot = Z(Ed)i

rl — Wnet
ex Ein—Eout
_ Whet = Wp — Wp
Nth = =
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Where

Wit 1s the net power
Wi is rate of work produced by turbine.
Wpis rate of work consumed by pump (is neglected)

Ei, 1s the input exergy at inlet of HRVG

E .. 1s the exit exergy at exit of HRVG
(E2)¢or is total destroyed exergy at the system components
Nex 1S the exergy efficiency (%).

P, .=35bar and P_, =2bar

Saturation vapor at 35bar

ated liguid at 35bar

00.03.10,150.20. 25,230,350, 45, 50,550, 6).650. 7. 750 5. 83.9).95 1
Ammonia Mass Fraction (kg,../Kg, ...

Figure (3.36) MKCSE on the T-x Diagram at Pmax=35 bar, Pnin=2 bar and x=0.85
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Specific Enthal
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P .=35bar and P_, =2bar

Saturated wapor at 35bar

Saturated liguid at 35har 7

Saturated liguid at 2bar

Ammonia Mass Fraction (kg,,./kgmixture)

Figure (3.37) MKCSE on the h -x Diagram at Pmax=35 bar, Pmin=2 bar and x=0.85
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Chapter Four: Theoretical Analysis
4.1 Introduction

Theoretical analysis of simple kalian Cycle System (SKCS) and the
suggested modifications of Kalina Cycle System (MKCS) are shown in figs
(4.1),(4.2) and (4.3). The analysis is required to apply the first and the second
laws of thermodynamic on all modifications and simple Kalina. In addition,
the state of the working fluid at every point and the thermodynamic
properties of the working fluid must be known. The working fluid is aqua-
ammonia (NH;3-H,O) with different concentrations. Generally, the
thermodynamic properties of working fluid in a thermal cycle play an
important role in its evaluation. Currently, researchers are focusing on the
vapor absorption systems in the Kalina cycle system, vapor absorption
refrigeration, and cooling cogeneration cycle. Compared to the assessment
of thermodynamic properties of pure substance, evaluation of binary mixture
properties is complicated due to addition of an extra property that is mixture
concentration. Ammonia-water mixture is a well- known and established
zeotropic mixture for vapor absorption systems. In this mixture ammonia has
low boiling point (—33°C)and the water has high boiling
temperature(100°C) at atmospheric pressure. This difference in the
boiling point allows the separation and the distillation of the mixture required
in the cycles. Unlike pure substance the binary mixture changes its

temperature in phase-change heat transfer from bubble point temperature Ty,

to dew point temperatureTy, .

This chapter includes two parts, first part is the thermodynamic
properties of ammonia-water mixture have been generated from the reported
correlations, derivations and the iterations using MATLAB programing. The
second part is analyzing the simple Kalina cycle system and all the

modifications. The temperature-concentration (T-x) and specific enthalpy-
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concentration (h-x) graphs for ammonia-water mixtures shall be plotted up
to 50 bar pressure. Two modifications are introduced on simple Kalina cycle
system. The first modification is the addition of a heat exchanger between
the separator and the expansion valve. This modification reduces the heat
rejection and improve the thermal efficiency as shown in fig (4.2). The
second modification is same as the first modification but with another heat
exchanger that is positioned between the turbine and the pump to use the heat
that comes from the turbine to reheat the cold working solution that come

from the pump as presented by fig (4.3).

Working Solution sl

Weak SOlUtion s

Strong Solution A _b*@

O..s

Hot Gases - ' .i
| Turbine Electrical Generator
T E
2
Waste Heat g O

(Hot Gases) 2
Inlet .
y

1
O—— = Separator |
) 9
Hot Gases 1 6
14 out 8 ‘ O
O

Throttling valve

.Il

Heat Recovery
Vapor Generator
(HRVG)

Solution Pump

Figure (4.1) Simple Kalina Cycle System (SKSC) [2]
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Figure (4.2) Modified Kalina Cycle System (MKCS1).
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Figure (4.3) Modified Kalina Cycle System (MKCS2)

4.2 Evaluation of Working Fluid Thermodynamic Properties
4.2.1 Bubble Point and Dew Point Temperatures Calculation.

To evaluate other thermodynamic properties of the mixture, the
bubble point and dew point temperature are to be calculated at given
concentration and pressure. Pressure, concentration and temperature are

required to obtain other properties of the mixture without knowing the
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quality or phase. The mixture temperature along with the bubble point
temperature and the dew point temperature specify the quality of mixture
that is liquid mixture (sub-cooled or compressed liquid mixture), saturated
liquid, liquid (wet) vapor mixture, saturated vapor or superheated vapor. Fig
(4.4) describes the possible quality in binary fluid mixture. The regions are
grouped with reference to Tp, and Ty, and compared to the mixture
pressure, temperature, and concentration. The temperature-concentration
plot is generated at 40 bar pressure. The Ty, curve represents all the starting
states of phase change and T, curve represents the completed states of phase
change of the mixture at different concentrations. The bubble point
temperature and the dew point temperature curves are also known as
saturated liquid curve and saturated vapor curve respectively. Between these
two curves the mixture exists in the liquid-vapor mixture. Below the bubble
point temperature curve the mixture is completely liquid at sub-cooled state.
Above the dew point temperature curve the mixture is vapor in superheated
state. The phase change starts from bubble point saturation temperature at
fluid pressure at a particular concentration. The zero concentration point
represents pure water and 100% concentration point represents pure
ammonia with properties of pure substance at respective saturation
temperature at the given pressure. The plot shows five regions namely
superheated vapor zone, saturated vapor zone, liquid vapor mixture zone,
saturated liquid zone and sub-cooled liquid zone. Bubble point temperature
and dew point temperature are determined from the curve-fit of the below
equations and corresponding coefficients are tabulated in tables 4.1 and 4.2

for Ty, and Ty, respectively [71].

n;

Tpp (P, x) = Toxa;(1 — x)™ [ln (%)] (4.1)

ng

Tap(P,DF) = T,¥a;(1 — DF)™ [ln (PF)] (4.2)
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Where:-

n;, m; and a; are constants

Tpyp is the bubble point temperature(°C).

Tgp 1s the dew point temperature(°C).

x 1s the mass fraction of ammonia (kgnus/kg mixture).

DF is dryness fraction (kg vapor of mixture/kg of mixture).
T,, P, are temperature and pressure at reference state.

(P, T, x) are the three properties required to find the other thermodynamic
properties of the mixture. The known temperature should be compared with
the Tp,and Ty, to decide the state of working fluid. If the known temperature
is less than T, it is sub-cooled liquid or compressed liquid. When
temperature equal to Ty, is saturated liquid. Between Ty, and Ty, it is the
mixture of liquid and vapor. When temperature equalsTy,, it is saturated

vapor and when temperature exceedsTyy,, it is superheated vapor.

98



Chapter Four

250
240
230
220
210

70

Saturated Vapar

Super Hedted

Vapon

Sub Cool Liquid

Saturated Liquid
Line

Liquid & Vapor Mi

00.09.10.190.20.25.30.35.40.49.90.530.6).65.70.73.8).850.90.95 1

Ammonia Mass Fraction (kg,,../kg

mi:ture}

Figure 4.4 Temperature-Concentration Diagram with Five Regions at 40 bar
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Table 4.2 Constant for Ty, Used in eq. 4.2[2]
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4.2.2 Specific Enthalpy of Liquid and Vapor Phase
The specific enthalpy of the liquid mixture is determined from Equ. (4.3) [2].

m=xhl + (1 —x)hl,

Where:-

(4.3)

Tt is the specific liquid enthalpy of the mixture (kJ/kg).

h!, is the specific enthalpy of ammonia liquid (kJ/kg).
h!, is the specific enthalpy of water liquid (kJ/kg).

x 1s the mass fraction of ammonia (kgnps/kg mixture).

100

Theoretical Analysis




L= T Theoretical Analysis

The enthalpy of pure component in the vapor phase can be expressed in the

following equation: [2]

h* = xh? + (1 — x)hY, (4.4)
Where:-

hi* is the specific enthalpy for mixture at vapor phase(kJ/kg).

hY, is the specific enthalpy of ammonia vapor (kJ/kg).

hY, is the specific enthalpy of water vapor (kJ/kg).

4.2.3 Specific Entropy of Vapor and Liquid Phases

The specific entropy of the vapor and liquid phases is obtained from eqs.

(4.5) and (4.6) [71].

st =xsg + (1 —x)s), (4.5)
s =xsk + (1 —x)s}, (4.6)
Where:

sz : Specific entropy of ammonia vapor (kJ/kg K).

Sy Specific entropy of water vapor (kJ/kg K).

sp*: Specific entropy of the mixture in the vapor phase (kJ/kg K).
s/ Specific entropy of the mixture in the liquid phase (kJ/kg K).
st: Specific entropy of ammonia liquid (kJ/kg K).

st,: Specific entropy of water liquid (kJ/kg K).
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4.2.4 Specific Volume of Vapor and Liquid Phases

The specific volume of the vapor and liquid phases is obtained from eqs (4.7)

and (4.8) [2].

ve =xvd + (1 —x)v) (4.7)
v = xvl + (1 —x)v}, (4.8)
Where:

v : Specific volume of mixture vapor phase (m3/kg).

<

vY: Specific volume of ammonia vapor (m*/kg).

<

vY: Specific volume of water vapor (m*/kg).

vk Specific volume of mixture liquid phase (m*/kg).

v} Specific volume of ammonia liquid (m*/kg).

vk, Specific volume of water liquid (m*/kg).

4.2.5 Description the Method of Finding Thermodynamic Properties

A special routine is developed in MATLAB to calculate the thermodynamic
properties of ammonia-water mixture at varying pressures, temperatures and

concentrations. The calculation steps are as follows:

1- Read pure NHj liquid and vapor properties for range (P and T).

2- Read pure water liquid and vapor properties for a selected range of
pressures and temperatures.

3- Read pressure, temperature and concentration.

4- Calculate the corresponding Ty, and Tg, for ammonia-water mixture.

5- Calculate other thermodynamic properties for ammonia water mixture
including specific enthalpy, specific entropy and specific volume. The

flow chart of the routine is shown in fig (4.5).
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Start
- i=tton )
Input T
!
Input p

Assign Properties of liquid mixture | .
(saturated)
Assign Properties of liquid mixture (sub- | _
cooled)
Assign Properties of vapor mixture | .
(saturated)

Assign Properties of liquid vapor mixture ]—»

Assign Properties of mixture
(superheated)

Figure 4.5 Flow Chart to Evaluate the Thermodynamic Properties of
Ammonia- Water Mixture.
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4.3 Cycle Analysis
4.3.1 Governing Equations

Thermodynamic evaluation of binary fluid system is complicated compared
to the single fluid system due to the extra property of concentration. The
understanding of process evaluation helps to develop the computer model to
obtain the results from the function of properties. The main processes in the
vapor absorption cycle (power, cooling and combined power and cooling)
are preheating, evaporation, distillation, expansion, throttling, mixing and
absorption, cooling and condensation and pumping. These processes are

governed by mass, energy and exergy conservation equations (4.9-4.11).

Zml = Zmo (4.9)
ZQ+Zmihi =ZW+ZmOhO (4.10)
Edtot = Z Ein - Z Eout (4.11)

The heat transfer processes in Kalina Cycle System happen in the heat
recovery vapor generator (HRVG), condenser, solution heat exchanger, and
absorber. Also there are other processes in this cycle such as throttling,
expansion, pumping, adiabatic mixing and separation. It is used lever rule in
some processes such as mixing and separation to get the ammonia mass

fraction and other properties.
4.3.2 Assumptions: -

The following assumptions are adopted in developing the computer program

used for solving the governing equations.

1-Steady state operation is assumed throughout the cycle.

2-Working fluid at the outlet of condenser is saturated liquid.
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3-Working fluid at the inlet of turbine is saturated vapor at turbine pressure
(Pinax)-

4-The weak solution before throttling valve is saturated liquid at P ,x.
5-The pressures of the HRVG and condenser are constant.

6-Throttling process is isenthalpic.

7-Separation process in the separator at constant pressure (vapor and liquid).
8-The isentropic efficiencies of pump and turbine are 100%, 85%
respectively.

9-Pressure losses, heat losses and friction losses in pipes are neglected.
10-The effectiveness of HRVG and condenser is unity(e = 1).

11-All the devices are adiabatic.

12-The kinetic energy and potential energy changes in the devices are
neglected.

13- Neglect the work of the pump.

14-The used water and ammonia are pure substance.

15- The inlet temperature of the hot gases is 175°C.

16- The pinch point (PP) in the boiler is 20°C. The terminal temperature
difference (TTD) at evaporator of heat recovery vapor generator (HRVG)
inlet with hot gases is taken at 15°C. Approach point (AP) in the HRVG is
2°C. Approach point (AP) in the HRVG is 2°C to prevent the sudden phase
change in the generator [74].

17- The value of Ty, T¢ and T3 are

T, = T;, — TTD (4.12)
Ty = Ty, — AP (4.13)
Tys = Ty, + PP (4.14)
Ty < Ts (4.15)

105



L= T Theoretical Analysis

4.3.3 Applications of Governing Equations to Each Cycle Component.
4.3.3.1 Separator

It is cylindrical shaped vessel that allows the separation of liquid by
gravity from the liquid-vapor mixture. The vapor is tapped from the top of
the cylinder. The state of the working fluid which is passed through the
separator is wet vapor. The separator is shown schematically in fig (4.6).

1

Strong Solution

4

Working Fluid 3

Seiarator '
B

8

Weak Solution

Figure (4.6) Schematic Representation of Separator.

There are three different ammonia concentrations namely inlet
mixture concentration (working fluid), weak solution concentration
(saturated liquid) and strong solution (saturated vapor) concentration. It is
assumed that the separation processes happen at constant pressure. The total

mass balance is
m7 = mg + Tfll (4‘.16)
The total ammonia balance is,

m7X7 = Tfl8x8 + ﬁllxl (4.17)

106



L= T Theoretical Analysis

m,x, = (M, —my)xg + myx; (4.18)
MyX7 = MyXg — My Xg + My X (4.19)
my(x; — xg) = my (%, — Xg) (4.20)
pF =" _ %7~ X (4.21)

my; Xy — Xg
Dryness fraction (DF) at separator inlet is defined from the simplification:
The wetness fraction (WF) or liquid fraction:

m X1 — X
WF=—=="L_"7 (4.22)
my X1 — Xg

Similar to ammonia balance the energy before separation is equal to the total
energy after the separation neglecting the heat losses from the process

(adiabatic process).

1y h, = 1y hy + Thghg (4.23)
tiyh, = (h, — hg)hs + Thghg (4.24)
1,k = 1hyhy — thghy + tghs (4.25)
1, (hy — hy) = 1ig(hg — hy) (4.26)

The dryness fraction also can be written as a function of enthalpies. After the

simplification of the above equations

Thl h7 - hg
Th7 h1 - h8 ( )

The wetness fraction or liquid fraction will be

mg  hy—h
WF=—"==—1—"7

Th7 B hl - h’8 (4.28)

Concentration at separator inlet
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X7 = xg + DF (x; — xg) (4.29)
The exergy balance is

E,=E +Eg+ (Ed)sep (4.30)
(Ep) sep 18 the exergy destruction in the separator.

4.3.3.2 Adiabatic Mixing —Absorption Processes

The mixing-absorption process is an exothermic process where heat is
liberated. This heat affects the efficiency of the mixing-absorption process.
Therefore, this heat must be removed by some sort of cooling process. The
mixing-absorption process with cooling is known as diabetic process.
However, during this analysis, the heat generation is neglected and the
process is assumed to be adiabatic at constant pressure. Fig (4.7) shows the
adiabatic mixing of two fluids into a single fluid.

Strong Solution
Wet Vapor

O 2

Weak Solution
Saturated Liquid C l r

Working Fluid
Wet Vapor

Figure (4.7) Adiabatic Mixing.
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The mass and energy balances for the mixer are outlined below: -
Total mass balance
mg + mz = Tfl3 (4‘.31)

Ammonia mass balance

Tfngg + mzxz = Tfl3x3 (4‘.32)
Energy balance
mghg + mzhz = Th3h3 (4‘.33)

The mixture concentration (x) and mixture enthalpy (h) could be calculated
from the following equations.

mz == Th3 - mg (4‘34)
x — mzxz + Tfngg — Tfl3x2 - mgxz + m9X9 (4 35)
3 T T '
m
X3 =Xz + m_g(x9 — X3) (4.36)
3
m Xq — X
=3 2 (4.37)
ms3  Xg9 — X
Similarly
m
hs = hy + m—"(h9 — hy) (4.38)
3
m h,—h
—=3 2 (4.39)

s hg — hy

The exergy balance equation is
(E)mix = (Ez + E9) — E; (4.40)
Where the (E;)mixis exergy destruction in the absorber in the adiabatic

Process.
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4.3.3.3 Throttling process

The throttling valve separates the high pressure lines and low pressure lines.
It is assumed that the work and heat transfer in throttling are neglected. The

throttling process is an isenthalpic process as shown in fig (4.8).

§' 4
Weak Solution Weak Solution

Figure 4.8 Throttling Process

mg = Mg (4.41)
hg = hg (4.42)
Xg = Xg (4.43)

The exergy equation is

(Ea)enr = Eg — E (444)
Where (E,)nyis the rate of exergy destruction (kW) in the throttling valve.
4.3.3.4 Heat Exchangers

A- The Generator (Heat Recovery Vapor Generator)

Heat recovery vapor generator (HRVG) is a heat exchanger as shown in fig
(4.9). It takes the heat from the hot exhaust of a boiler available in the
Mechanical Engineering Department laboratories. It is used to generate
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steam, at a pressure of 5 bar. The maximum power is 213 kW with
consumption 18 kg/hr; while the minimum power is 90 kW with fuel
consumption 7.6kg/hr. The fuel used is gasoil with an assumed average
chemical formula of (Ci¢H34). The minimum case which is 90 kW and 7.6
kg/hr is used in this work. The mass of air required to complete combustion
of 1 kg fuel is obtained from the chemically balanced stoichiometric

equation.

Ci6H34+24.5(0,+3.76N;) — 16 CO,+ 17 H,O+ 92.12 N,

The mass flow rate of required air is required

Mg = 113.104kg/hr

The mass flow rate of combustion gases is

Mexn = Mpyer + Mair (4.45)

Tepy = 7.6 + 113.104 = 120.704 kg /hr

.
7  Working Fluid

Hot Gases in Wet Vapor
12
@ > |

' |

13 a6

14 |
@ |
Hot Gases Out 1

Working Fluid

Figure (4.9) the Heat Recovery Vapor Generator
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The mass and energy balances on the HRVG are as follows:

My = My, (4.46)
g = 1, (447)
x5 = %, (4.48)
Qin = MexnCPexn(T1z — T1a) (4.49)
Qin = Meor (hy — hg) (4.50)
Where

Q;y, is heat addition from the hot gases.

CPexn 18 the specific heat of combustion gas and its value 1.109

kJ/kg K [33]. The exergy balance equation is

(Ed)HRVG = (E12 - E14) - (E7 - Es) (4.51)
Where

(E 1) urveis the exergy destruction in the HRVG.

B- Condenser

The condenser is used to condense the working fluid (wet vapor point 3) that
comes from the mixer as shown schematically in fig (4.10). It is assumed

that saturated liquid condensate leaves the condenser point4.

0, = 13 (hs — hy) (4.52)
Ths = 1, (4.53)
Xy = %, (4.54)
Qc = MaCa(Toue — Tin) (4.55)

Where Q,the reject heat in the condenser is, 11, is the mass flow rate of air,
¢, 1s the specific heat of air.
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The exergy equation is:
(Ed)con = (E3 - E4) - (E11 - E10) (4.56)

(E2)con is the exergy destruction in the condenser.

11 3
Air out
4
<__—_—
Condenser
Air in
10

Figure (4.10) Condenser
C- Heat Exchanger (HEI)
There are two heat exchangers in this work. The main function of the
heat exchanger is heating or cooling the working fluid. All heat exchangers
have the same analysis as shown in fig (4.11). The mass, energy and exergy

balances on this heat exchangers are as follows:

mheat in = mheat out (4'57)
Meotd in = Meold out (4-58)
(mh)heat in (mh)heat out — (mh)cold out — (mh)cold in (4-59)

The exergy equation is
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(Ed)HX = (Eheat in — Eheat out) - (Ecold out — Ecold in) (4-60)

Where (Ed) ux 18 the rate of the exergy destruction in the heat exchanger.

Cold out

Heat in

Coldin { Heat out

Figure (4.11) the heat exchanger.

4.3.3.5 Expansion process in Turbine.

The expansion process occurs in the turbine is shown in fig (4.12).

The mass and energy balances are as follows:

m; = my (4.61)

X = Xy (4.62)

(WT)act = m(hl - hz) (463)
_ hy — hy

(Me)isent = m (4.64)

(Ed)tur = (El - EZ) - (WT)act (4.65)
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Electrical Generator

O

Strong Solution Turbme

Saturated Vapor L.a: . d

Strong Solution
Wet Vapor

Figure (4.12) the turbine.

Where h; is the actual enthalpy at turbine outlet as shown in fig (4.13).

Figure (4.13) turbine expansion on the T-s diagram.
4.3.3.6 Solution Pump

In this studying the work of the pump is neglected. The mass and energy

balance are on follows:

Ty = e (4.66)
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X4 = Xg (4.67)
hs = h, (4.68)
W, = vy * (Ps — P,) (4.69)

The rate of exergy destruction in the pump is obtained from exergy balance

on the pump on follows:
(Ed)pump = (E4 - ES) + WP (4.70)
Where

v is the specific volume of the working solution assumed to be sub-cool

liquid at HRVG pressure. W, is neglected.

(E a)pump 18 the rate of the exergy destruction in the pump.

Working Fluid Working Fluid
Sub-cool Saturated Liquid

5 " 4

@ E—

Solution Pump

Figure (4.14) the Solution Pump.

4.4 The Specific Exergy, Exergy destruction and Exergy Efficiency

The specific exergy is the maximum possible useful work obtained from any
process. Equation (4.71) is used to calculate the specific exergy of a flow
process. Exergy destruction is the energy losses during the components, the

equation (4.73) is used to calculate the exergy destruction in each
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components. Exergy efficiency is the ratio between the network and net of

the exergy, the equation (4.77) is used to calculate the exergy efficiency.

e=h—"T,s (4.71)
E'=m[h—h, — T,(s —s,)] (4.72)
Ed = Ein - Eout (4-73)

The total exergy destruction in the cycle is

(Ed)total = X Eai (4.74)

4.5 Cycle Exergy Efficiency

The net power obtained from equation (4.63).

Ein = E12 - E14 (4.75)
Where E;,, is the total exergy obtained from the hot gases.

Ein = Wnet + (Ed)total (4.76)
After that calculate the exergy efficiency 7,y .

Whet

Mex = (4.77)

(Ell’l - Eout)hot gases
Where 1 is the exergy efficiency (%).

4.6 Algorithm Program to Find the Thermodynamic Properties of
Working Fluid (Ammonia—Water Mixture)

The algorithm has been prepared to identify the region for thermodynamic
properties generation using MATLAB codes

%DIFFERENT PHASES OF AMMONIA-WATER MIXTURE
if(((T-Tbp)> =-0.05)&&((T-Tbp))< =0.05))||(T==Tbp)

%1. saturated liquid mixture

df=0
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RGN=1

elseif (T<Tbp&&T<Tdp)

%?2. Sub-cooled liquid mixture
df=0

RGN=2

Elseif(((T-Tdp)> =-0.05)&&((T-Tdp)< =0.05))|[(T==Tdp)

%?3. Saturated vapor mixture
df=1

RGN=3

elseif (T>Tbp&&T<Tdp)
%4. Liquid-vapor mixture
RGN=4

Elseif(T>Tdp)

%S5. Superheated mixture
df=1

RGN=5

end

switch(RGN)

casel
hm=(1-df)*hf+df*hg2;
sm=(1-df)*sf+df*sg2;
vm=(1-df)*vf+df*vg2;
Tdp=Tdp-273.15;
Tbp=Tbp-273.15;

case2

if(((Tbp-Tdp)> =1)&&((Tbp-Tdp))< =1))
df=1

end
hm=(1-df)*hf+df*hg2;
sm=(1-df)*sf+df*sg2;
vm=(1-df)*vf+df*vg2;
Tdp=Tdp-273.15;
Tbp=Tbp-273.15;

hg1=0;

hg2=0;

case3
hm=(1-df)*hf+df*hg2;
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sm=(1-df)*sf+df*sg2;
vm=(1-df)*vf+df*vg2;
Tdp=Tdp-273.15;
Tbp=Tbp-273.15;

case4

%AMMONIA-WATER LIQUID MIXTURE
hm=(1-df)*hf+df*hg2;

sm=(1-df)*sf+df*sg2;

vm=(1-df)*vf+df*vg2;

Tdp=Tdp-273.15;

Tbp=Tbp-273.15;

cased
hm=(1-df)*hf+df*hg2;
sm=(1-df)*sf+df*sg2;
vm=(1-df)*vf+df*vg2;
Tdp=Tdp-273.15;
Tbp=Tbp-273.15;

End
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Chapter Five: Results and Discussions

5.1 Introduction

In this chapter the results are presented and discussed. The results are
divided into two parts theoretical and experimental. The theoretical part
includes studying the effect of the operating conditions on the performance
of different Kalina cycles (SKCS, MKCS1 and MKCS2). The operating
conditions are maximum pressure, minimum pressure, ammonia mass
fraction and dryness fraction. The performance parameters of the cycles are
thermal efficiency, net power, exergy efficiency and exergy destruction. The
experimental part includes the results of an experimentally modified version
of Kalina cycle corresponds to the theoretical cycle MKCSI. It is named as
MKCSE. Then the results include the effect of the operating conditions on
the performance of MKCSE. The experimental and the theoretical results are

compared.

5.2 Validation of the Theoretical Results

To ensure the validity of theoretical results of the present code
developed using MATLAB Multiphasic software, the outcomes of the
present code were compared with the results of other researchers. The
validation was against the results of Srinivas et al [2]. The theoretical
MATLAB code was applied for simple Kalina using same operating
conditions used by ref [2]. The operating conditions are the temperature of
the hot gases, the inlet temperature of the turbine, ammonia mass fraction at
turbine inlet and the dryness fraction at separator inlet which are: 175°C,
160°C, 0.85 and 0.1569 respectively. Also the high pressure and low pressure
are 37.67 bar and 2.58 bar respectively. All the results of the present work
and that of ref [2] using present code are shown in tables (5.1) and (5.2).
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There is a good agreement with the previous works. The deviation in thermal

efficiency and net power is 4.445% and 4.841% respectively.

Table (5-1) Comparison of Performance Parameters Obtained From Present Work
(P) and Srinivas Et Al. Work (R)

Case Srinivas et al. Present work Deviation (%)
Qin (KW) 1366.358 1360.698 0.414239

Qrej (kW) 1254.551 1248.433 0.48761

Whet (kW) 86.6457 82.45098 4.841231
Cycle/Eff % 6.341361 6.059462 4.445399

Ntn
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5.3 -Repeatability

To ensure the repeatability of experimental results, many tests are
repeated under same operation conditions for MKCSE at P;;,=2 bar, x=0.85
and DF=0.3. The tests are repeated five times every day along five days. Fig
(5.1) shows the repeatability test, some differences between these tests are

noticed. The maximum deviation is 2.7%. Same trend is shown for all tests

Repeatabillty

13.2
12.B |-
12.4 -
¥ 12}
=
l-l‘
&
@ 116
-
b
= 11.2 |-
E
=
= 10.8 |- Bk
= 30th-Jan
104 = = » J1gt-lan
1st-Fahb
0 =  2nd-Fab
— Jrd-Fab
9.5 i i i ! i

20 22 24 26 28 30 32 34 36 3z 40
Maximum Pressure (bar)

Figure (5.1) Repeatability for MKCSE
5.4 -Uncertainty and Error Analysis

Uncertainty is a measure of the lack of knowledge or precision in a
measurement or calculation. It refers to the degree of doubt or the range of
values within which the true value of a quantity could lie. In other words, it
is the amount by which a measurement or calculation might deviate from the
true value. The standard uncertainty (S.U) can be calculated by equation

(5.1) suggested by Bell [72] as:

SU =-— (5.1)
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Where,
Ni is the total number of measurements

S.D is the standard deviation which is calculated as:

27:1 (X i -X average )2

S.D = (N—l)

(5.2)

Xaverage 18 the average readings of temperature. The average experimental
values of readings in each pipe which were repeated N times. The value of

average readings is calculated as:

=—>"X, ... 5.3
average N Z,‘:erz ( )

Where X, is represented the values for measurements data of temperature

or any function measured in each pipe. Then, all experimental analysis
depending on measuring values are uncertain. Tables (5-4) and (5-5) show

the uncertainty tests.

Table (5-4) Uncertainty of Temperature Measurement Point.

Temperature measurement Temperature measurement

boint (°C) S.U Value boint (°C) S.U Value
T 0.354859 Te 0.305012
T2 0.295101 T7 0.452306
T3 0.154573 Ts 0.65321
T4 0.127331 Tg 0.339914
Ts 0.198375 To 0.295528
Ts 0.270039
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Table (5-5) Uncertainty of Calculated Variables

Variable S.U Value

N (%) 0.066002331
Wt (kW) 0.001371431
Nex (%) 0.143281116

5.5 - T-s Diagrams of Analyzed Kalina Cycles

Simple Kalina Cycle System (SKCS) is modified to MKCSI1 by
addition of a heat exchanger after the separator to recover part of heat of the
weak solution, which is otherwise rejected to the environment, to heat the
working fluid before entering the HRVG. Then MKCSI1 is modified to
MKCS2 by adding other heat exchanger to recover the heat from hot strong
solution which comes from turbine to heat the cold working fluid which

comes from the pump. The experimental cycle MKCSE corresponds to the

MKCSI.

Figs (5.2-5.4) illustrate simple Kalina cycle system on the T-x
diagram, T-s diagram and schematic of SKCS respectively. The SKCS
consists of heat recovery vapor generator, separator, turbine, throttling valve,
mixer, condenser and pump. The state of the working fluid during SKCS, at
the separator inlet (point7) is wet vapor. The wet vapor separates into two
parts in the separator, strong solution (saturated vapor) and weak solution
(saturated liquid). The strong solution inters the turbine (pointl). At the
turbine entrance the quality of the vapor is saturated vapor at maximum
pressure. Then the saturated vapor expands in the turbine and it leaves as a
wet vapor (point2).The weak solution inters the throttling valve (point8) as
saturated liquid and leaves it as a saturated liquid (point9). The strong
solution (point2) and the weak solution (point9) will mix with each other in
the mixer (absorber) and the solution leaves the mixer (absorber) as wet
vapor at minimum pressure (point3). After that the solution enters the

condenser and leaves it as a saturated liquid (point4). The solution is pumped
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back to the HRVG as sub-cool liquid at maximum pressure to enter the
HRVG, (point5) and heated to (point6) which is less than the boiling
temperature of the working fluid at maximum pressure. The solution leaves

the HRVG as wet vapor at maximum pressure point7 to complete the cycle.

240
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180 [- Satural liquid curve at 3Shar
160 | 8| |7 L 1
T 160 b
'E 140 [ ‘L
5120 &
= [ T
o 100 =
o
E [ h
E B0 '-
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L o 2
40 |- L3

hd
_20 A4 8 4 & 9§ by 4 4 ¥ 9 4 3

0 0.050. 10,150, 20,250, 30, 350.40. 450,50, 550 0. 650. 70, 750, 8. 850. 90,95 1
Ammonia Mass Fraction (kg ./kg ..l

Figure (5.2) T-x Diagram of SKCS at P,..x=35 bar, Puin=2 bar, X=0.85 and DF=0.3
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Mixer (Absorber)

Solution Pump
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AT in
Figure (5.3) Simple Kalina Cycle System (SKSC) [2]
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Process || Type

1-2 Irreversible expansion
2-3-9 Adiabatic Mixing

3-4 Condensing

4-5 Pumping

5-6-7 Heat Addition in HRVG
1-7-8 Separation
890 Throttling

Temperature (°C)

0 05 1 15 2 25 3 35 4 45 5 &5
Entropy (k)/kg K)

Figure (5.4) T-s Diagram for SKCS at Pnax=35 bar, Pmin=2 bar, x=0.85 and DF=0.3
Fig (5.5) shows a schematic diagram for MKCS1 and MKCSE while

figs (5.6 and 5.7) show T-s diagram for the MKCS1 and MKCSE
respectively. MKCS1 and MKCSE consist of same components as SKCS
except a heat exchanger between the separator and the throttling valve to
recover heat from the weak solution which comes from the separator to heat
the working fluid which comes from the pump before entering the HRVG.
The weak solution enters the heat exchanger as saturated liquid at maximum
pressure (point8) and leaves the heat exchanger at (point8). The working
fluid enters the heat exchanger at point5 as sub-cool with maximum pressure
and it leaves from point5. The main difference between the SKCS and
MKCSTI is the amount of the rejected heat and heat addition in the HRVG.
The rejected heat in SKCS is more than the heat rejected in MKCS1 because
the MKCSI1 has a heat exchanger to recover some of rejected heat. Also the
addition heat in MKCSI1 is less than the addition heat in SKCS for the same

reason. That’s lead to improve to the performance of Kalina cycle.
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Figure (5.6) T-s Diagram for MKCS1 at Pwax=35 bar, Pwin=2 bar, x=0.85 and DF=0.3
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Figure (5.7) T-s Diagram for MKCSE at Pumax=35 bar, Pmin=2 bar, x=0.85 and
DF=0.3

Figs (5.8) and (5.9) show the MKCS2 on the T-s diagram and the
schematic. It consists of the same components as the SKCS1 except a second
heat exchanger is added between the turbine and the pump to recover part of
heat of the wet vapor coming from the turbine to heat the working fluid
before entering the first heat exchanger. At the second heat exchanger the

strong solution which comes from the turbine enters at point2 and it leaves
from point2. The working fluid which comes from the pump enters at point5
and it leaves from point5. At first heat exchanger the weak solution which
comes from separator enters at point 8 and it leaves from point8, the working

fluid enters the first heat exchanger at point5 and it leaves from point5. The

second heat exchanger helps to reduce the heat rejected (process 3-4) and

decrease the heat addition (process(5 —5), (:5 — 7) as shown in the fig
(5.9).

129



BRAPEEE FIVE .ottt Results and Discussions

\Working Solution —) '

Weak Solution sl 1 —

Strong Solution w—..
Hot Gases sl |

Turbine Electrical Generator

02

Waste Heat
(Hot Gases)
Inlet

9
Out : . £ _h:[' ‘.\—C

Oe— Throttling valve

Heat
exchanger

Q)

Heat ;
exchanger é Air out 3
(@)

‘@ 4

Solution Pump
10

Figure (5.8) Modified Kalina Cycle System (MKCS2)

Condenser

130



BRAPEEE FIVE .ottt Results and Discussions

160

150
140 I
130 e
120 [

-
=]
=

'.ll.‘r-
g0 |
?'0-
ED.
so |
40'
30 |

Temperature (°C})

20
10 [ ] 1 1 1 1 1 1 1 1 1
o 0.5 1 1.5 2 2.5 3 35 4 4.5 > 5.5

s (kl/kg K}
Figure (5.9) T-s Diagram for MKCS2 at Pmax=35 bar, Pmin=2 bar, x=0.85 and DF=0.3

5.6 Theoretical Results

A mathematical algorithm and a computer program, developed by
(MATLAB) are used to solve the equations to predict all operating and
performance parameters of the cycle. The predicted results are compared
with measured results to validate its correctness. The effect of dryness
fraction, ammonia mass fraction, maximum pressure and minimum pressure
on the performance of simple Kalina cycle (SKCS), first modified of Kalina
cycle system (MKCS1) and second modified of Kalina cycle system
(MKCS?2) are presented in the following sections.

5.6.1 -The Relationship between the Ammonia Mass Fraction and Mass

Flow Rate

Fig. (5.10) shows the relationship between ammonia mass fraction and
the mass flow rate with different maximum pressures at constant minimum
pressure of 2 bar and a dryness fraction of 0.3. The working fluid consists of
ammonia and water. Due to experimental difficulties in changing the
ammonia mass fraction working fluid for each test, the ammonia mass
fraction is changed by adding the amount of ammonia required and keeping
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the mass of water constant. This leads to increase the mass flow rate of the
working fluid when the ammonia mass fraction is changed after each
maximum pressure. The high ammonia mass fraction in the mixture means
low enthalpy of the working fluid and low the temperature of evaporation of
the mixture. Therefore, the increase in the mass flow rate means increasing
the working fluid flow rate for same high pressure. But as the P,y increases

the mass flow rate must be reduced as shown in fig (5.11).
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Figure (5.10) the Effect of the Ammonia Mass Fraction on the Mass Flow Rate

5.6.2 -The Relationship between the Maximum Pressure and Mass Flow
Rate
Fig. (5.11) displays the effect of the maximum pressure on the mass flow
rate with different ammonia mass fraction at constant minimum pressure of
2 bar and dryness fraction 0.3. When the mass flow rate decreases the
maximum pressure increases. As the pressure in the HRVG increases the
saturation temperature of this working fluid at this pressure increases.
Therefore the mass flow rate must be reduced for same heat input to attain

that pressure. Therefore the retention time of the fluid is in the HRVG is
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increased and more heat is transferred to the working fluid. This is clear in

fig (5.11).
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Figure (5.11) the Effect of the Maximum Pressure on the Mass Flow Rate

5.6.3 -The Effect of Dryness Fraction on the performance

5.6.3.1 Thermal Efficiency

Figs (5.12-5.17) show influence of dryness fraction (DF) at separator
inlet on thermal efficiency for different ammonia mass fractions in SKCS,
MKCS1 and MKCS2 at constant maximum pressure and minimum pressure.
All figures show same behavior. It is noticed that there is an inflection point
at DF=0.3 where the efficiency reaches maximum value and then decreases
with further increase in DF. The same behavior is shown for all ammonia
mass fraction. It is noticed that as the DF increases the cycle efficiency
increases and reaches the maximum value at DF equal 0.3 for all ammonia
concentration. This is due to the combined effect of the net power generated

and the required heat input for values less than 0.3 the effect of the net power
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is dominant which for values larger than 0.3 the effect of heat input is
dominant. The same behavior is shown for the three cycles but the highest
efficiency is obtained with MKCS2 which 1s 23.88% at DF=0.3, P,,x=35 bar
and P,;»=2 bar which is due to adding the two heat exchangers. For same

operating conditions Ngxcs < Nurcst < NMkcsz-

Figure (5.12) Effect of Dryness Fraction on Thermal Efficiency for SKCS at Pmax=35
bar and Pmin=2 bar
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Figure (5.13) Effect of Dryness Fraction on Thermal Efficiency for SKCS at Pmax=35
bar and Pmin=3 bar
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Figure (5.14) Effect of Dryness Fraction on Thermal Efficiency for MKCS1
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Figure (5.15) Effect of Dryness Fraction on Thermal Efficiency for MKCS1
At Pmax=35 bar and Pmin=3 bar
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Figure (5.16) Effect of Dryness Fraction on Thermal Efficiency for MKCS?2
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Figure (5.17) Effect of Dryness Fraction on Thermal Efficiency for MKCS?2
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5.6.3.2 Net Power

Figs (5.18-5.20) display the effect of the dryness fraction at separator
inlet on the net power for different ammonia mass fraction at constant
maximum pressure and minimum pressure. When the dryness fraction
increases the net power increases due to the increase in mass flow rate of
vapor at turbine inlet. As the ammonia mass fraction increases the evaporated
mass increases since ammonia evaporates faster than water. Therefore, the
vapor contains more ammonia. This reduces the enthalpy of the vapor at
turbine inlet which should reduce the power output. The net combined effect
of mass flow rate increase and the drop in enthalpy is to increase the power
output. The highest value of the net power is 0.58 kW with MKCS2 at
DF=0.4. The ratio of the increase of the net power between SKCS and
MKCS1 is 27.3% and the ratio of the increase of the net power between
SKCS and MKCS2 is 63.6% at conditions P;=2 bar, P,.,=35 bar and
DF=0.3.
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Figure (5.18) Effect of Dryness Fraction on Net Power for SKCS
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Figure (5.19) Effect of Dryness Fraction on Net Power for MKCS'1
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Figure (5.20) Effect of Dryness Fraction on Net Power for MKCS?2 at Pmax=35 bar
and Pumin=2b ar

5.6.3.3 Exergy Efficiency

Figs (5.21-5.23) illustrate the influence of dryness fraction at separator
inlet on the exergy efficiency with different ammonia mass fraction at
constant maximum pressure and minimum pressure. When the dryness
fraction increases the exergy efficiency decreases since more heat is required
to increase the amount of vapor that leads to more exergy change across the
separator. The highest exergy efficiency with MKCS2 because it has two
heat exchangers which means less exergy destruction. It is also shown that
the exergy efficiency decreases as ammonia mass fraction increases for all
dryness fraction since more heat require and more exergy is destructed. The
values of the exergy efficiency for SKCS, MKCS1 and MKCS2 are 26.65%,
33.3% and 66.2% respectively at Pnax=35 bar and Pyin=2 bar.

138



BRAPEEE FIVE .ottt Results and Discussions

25

B
e

Exergy Efficiency (%)
E B

8

— 0 ES T
19 e -
a _0_&7
18 - — x0E

—_0_RY

0.2 0.25 03 0.35 04
Diryness Fraction (kg vapor/kg mixture)

Figure (5-21) Effect of Dryness Fraction on Exergy Efficiency for SKCS at Pmnax=35
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Figure (5-22) Effect of Dryness Fraction on Exergy Efficiency for MKCS1
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Figure (5-23) Effect of Dryness Fraction on Exergy Efficiency for MKCS?2
at Pmax=35 bar and Pmin=2 bar

5.6.4 The Effect of ammonia mass fraction on the performance
5.6.4.1- Thermal Efficiency and Net Power

The effect of the ammonia mass fraction at turbine inlet on the thermal
efficiency and net power is seen very clearly in figs (5.24-5.26). The trend
of the effect of the ammonia mass fraction on the thermal efficiency and net
power is same for the three cycles. As ammonia mass fraction at turbine inlet
increases the cycle thermal efficiency decreases while the net power
increases. This increase in net power is due to the increase in the vapor mass
flow rate. However, this increase in vapor mass flow rate is assonated with
increase in heat input in the HRVG which causes the reduction in the cycle
thermal efficiency. It is found the highest thermal efficiency occurs at x=0.85
and the lowest value occurs at x=0.89. The highest thermal efficiency for
SKCS, MKCS1 and MKCS2 is 9.44%, 14.4% and 23.53% respectively.
After these modifications i1s found the thermal efficiency is improved about
52.4% to 149.25%. The highest net power is found at x=0.89 and the lowest
net power is found at x=0.85. The net power for SKCS, MKCS1 and MKCS2
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1s 0.388 kW, 0.45 kW and 0.57 kW respectively. The net power is improved
by about 15.98% to 46.91%. It is clear from these figs that the highest net
power is found at Pn,=20 bar, Pnix,=2 bar and x=0.89. The points of
intersection for thermal efficiency curve and net power curve represent the

optimum operating conditions under the mentioned parameters.

Fig (5.24) shows the optimum operating conditions for SKCS at 35 bar, 30
bar and 25 bar are (x=0.89, thermal efficiency=8.7% and net power=0.35
kW), (x=0.873, thermal efficiency=8.62% and net power=0.32 kW) and
(x=0.856, thermal efficiency=8.55% and net power=0.32 kW) respectively.

Fig (5.25) shows the optimum conditions for MKCS1when the curve of the
thermal efficiency intersected with the curve of the net power. The optimum
operating conditions for 25 bar are x=0.855, thermal efficiency=12.25% and
net power=0.314 kW. The optimum conditions for 30 bar are x=0.87,
thermal efficiency=12.7% and net power=0.327 kW. The optimum
conditions for 35 bar are x=0.883, thermal efficiency=13.3% and net
power=0.35 kW.

Fig (5.26) shows the optimum operating conditions for MKCS2. The
intersection points as shown in the figure represent the optimum conditions
at 25 bar, 30 bar and 35 bar. The optimum operating conditions are at 25 bar
are x=0.85, thermal efficiency=19.7% and net power=0.404 kW, at 30 bar
are x=0.87, thermal efficiency=21% and net power=0.41 kW, at 35 bar are
x=0.883, thermal efficiency=22% and net power=0.455 kW. It is noticed that
the range of the optimum pressure from 25 bar to 35 bar and also the
optimum ammonia mass fraction is from 0.85 to 0.89. In this work, the
conditions chosen are P..,x=35 bar, x=0.85, Pin=2 bar and DF=0.3 as the

best parameters are chosen.
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Figure (5.24) Effect of Ammonia Mass Fraction on Thermal Efficiency and Net
Power for SKCS with Different Maximum Pressure at Pmin=2 bar and DF=0.3
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Figure (5.26) Effect of Ammonia Mass Fraction on Thermal Efficiency and Net
Power for MKCS?2 at Pwin=2 bar and DF=0.3

5.6.4.2- Exergy Efficiency

The effect of ammonia mass fraction on cycle exergy efficiency with
different maximum pressures at constant minimum pressure is shown in figs
(5.27-5.29). The trend of variation is the same for all Py,.x and the same for
the three cycles. When ammonia mass fraction increases the exergy
efficiency decreases because the vapor mass flow rate increases which means
the working fluid is fast and it does not gain heat enough that means more
exergy destruction. It is clear that the highest exergy efficiency is found at
x=0.85 and the lowest at x=0.89. The values of the exergy efficiency for
SKCS, MKCS1 and MKCS2 are 24.3%, 30.1% and 59% respectively at
Pmax=35 bar, Pnix=2 bar, DF=0.3 and x=0.85. The exergy efficiency is
improved by about 23.87% to 142.8% compared to SKCS. It is noticed that
the highest exergy efficiency is obtained with MKCS2 since more heat is
recovered by adding two heat exchangers to the SKCS.
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Effect of the Ammonia Mass Fraction on
the Exergy Efficiency at P_, =2, DF=0.3
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Figure (5.27) Effect of Ammonia Mass Fraction on Exergy Efficiency for SKCS

Effect of the Ammonia Mass Fraction on
the Exergy Efficiency at P_,_=2bar, Df=0.3
32

30

2

L)
&

Exergy Efficiency (%)
Y]
B

[
P

20 }-

184
085 04855 086 0865 0BT 0875 0388 0835 0.89
Ammaonia Mass Fraction kg, kg

I'i'li'.!l'llllri
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Figure (5.29) Effect of Ammonia Mass Fraction on Exergy Efficiency for MKCS2

5.6.5 The Effect of the maximum pressure on the performance
5.6.5.1 Thermal Efficiency and Net Power

Figs (5.30-5.32) show the effect of maximum pressure on the thermal
efficiency and net power for different ammonia mass fraction at constant
minimum pressure. The trend of the effect of maximum pressure on the
thermal efficiency and net power is same in the three cycles. When the
maximum pressure increases the thermal efficiency increases due to the
decreasing of the mass flow rate through the HRVG and the increase of vapor
enthalpy at turbine inlet. The highest thermal efficiency is found at Ppn.=35
bar and x=0.85for all ammonia mass fraction. After P,,x=35 bar the thermal
efficiency decreases with increase of the maximum pressure. Since the net
power decreases faster than the heat input as Py rises, as shown in table
(5.6). The highest net power at Pp.=20 bar and x=0.89. The points of

intersection denote the optimum working conditions.
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Fig (5.30) shows the optimum operating conditions for SKCS. Which is
found at P,,x=30.8 bar and x=0.88. The optimum thermal efficiency and

optimum net power are 8.8% and 0.33 kW respectively.

Fig (5.31) shows the optimum operating conditions for MKCS1. It is noticed
that the optimum operating conditions at x=0.88 and P.x=33.5 bar. The
optimum value of the thermal efficiency is 13.5% and the value of the

optimum net power is 0.354 kW.

Fig (5.32) shows the optimum operating conditions for MKCS2. It is found
that the value of the optimum maximum pressure and ammonia mass fraction
are 34 bar and 0.88 respectively. The value of the optimum thermal

efficiency and net power are 21.8% and 0.462 kW respectively.

Table (5.6) shows sample of calculation for thermal efficiency. When the
maximum pressure increases the thermal efficiency increases, but it drops at
maximum pressure 40 bar because the net power and input heat decrease due
to the decrease of the mass flow rate during the cycle. All the information is

tabled in table (5.6) at conditions Py,;,=2 bar, x=0.85 and DF=0.3.

Table (5.6) Properties of Aqua-Ammonia at Pmin=2 bar, x=0.85 and DF=0.3

P1(bar) |hi(ki/kg) |h2(ki/kg) [hs(ki/kg) [h7(ki/kg) [mr(ke/s) [ ma(kg/s) | Wraw | Q,(Kw) [Thr-Eff %
20 1690.413 (1423.98 [-141.139 [832.1934 [0.002873 |0.000842 [0.224351 |2.796272 [8.023202
25 1696.985 [1405.976 |-149.529 [858.0384 [0.002489 |0.000742 [0.216006 |2.507615 |8.614006
30 1698.014 |1388.247 |-157.554 [882.3115 [0.002131 [0.000647 [0.200379 |2.215816 |9.043137
35 1698.708 |1373.892 |-165.207 [898.7533 [0.001911 [0.000591 [0.191899 [2.033643 |9.436223
40 1699.76 |1360.531 |-165.207 |926.9057 [0.00159 [0.000471 [0.159796 |1.736259 |9.203479
Wrp =my * (hy — hy) (5.4)
Qin = Mrotal * (h7 - hS) (55)
Wr
Nth = = (5.6)
Qin
Where
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Wy is the power from turbine
Q;, is the heat input in HRVG
Myorqr 1 the total mass flow rate during the cycle

m, is the mass flow rate at the turbine entrance
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Figure (5.30) Effect of Maximum Pressure on Thermal Efficiency and Net Power for
SKCS at Puwin=2 bar and DF=0.3
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Figure (5.31) Effect of Maximum Pressure on Thermal Efficiency and Net Power for
MKCS1 at Pwin=2 bar and DF=0.3
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Figure (5.32) Effect of Maximum Pressure on Thermal Efficiency and Net Power for
MKCS?2 at Pwin=2 bar and DF=0.3

5.6.5.2 Exergy Efficiency

Figs (5.33-5.35) show the effect of the maximum pressure on the
exergy efficiency for SKCS, MKCS1 and MKCS2. When the maximum
pressure increases the exergy efficiency increases and reaches maximum
value at Py« 35 bar. With further increase of P« the exergy efficiency
decreases. The increase in the exergy efficiency is due to decrease in exergy
difference across the HRVG caused by less flow rate. The highest exergy
efficiency at x=0.85 is found with MKCS2 59% because it has lower loses
than other cycles. The lowest value of the exergy efficiency with SKCS is
24.3% because it has more loses than other cycles. It is very clear from the
figures when the maximum pressure increases the exergy efficiency
increases till P,,x=35 bar after that the exergy efficiency decreases because

the net power decreases that leads to reduce the exergy efficiency as mention
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before. It is seen the highest exergy efficiency is found at x=0.85 and

maximum pressure 35 bar.

Effect of the Maximum Pressure on
the Exergy Efficiency at P_ =2, DF=0.3
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Figure (5-36) Effect of Maximum Pressure on Exergy Efficiency for SKCS
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Figure (5-37) Effect of Maximum Pressure on Exergy Efficiency for MKCS1
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Figure (5-38) Effect of Maximum Pressure on Exergy Efficiency for MKCS2
5.6.6 The Effect of the Minimum Pressure on the performance

5.6.6.1- Thermal Efficiency

Figs (5.39-5.41) illustrate the effect of cycle minimum pressure on

thermal efficiency for different ammonia mass fractions at constant
maximum pressure. The minimum pressure is very important factor
especially in the mixer. When the temperature of the mixer increases the
minimum pressure increases that leads to reduce the thermal efficiency.
Therefore, it is important to control the mixture temperature to keep the
minimum pressure constant. This is done by cooling the mixer up to the
required temperature. It is noticed when the minimum pressure decreases the
cycle efficiency increases because the difference of enthalpy across the
turbine increases. The trend of the effect of the minimum pressure on the
thermal efficiency is same for the three cycles. It is clear that the maximum

efficiency is obtained at minimum pressure 2 bar and ammonia mass fraction
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1s =0.85 with constant of the maximum Pressure (Pmax) 1S 35 bar and dryness

fraction equal 0.3.
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Figure (5.39) Effect of Minimum Pressure on Thermal Efficiency for SKCS
at Pmax=35 bar and DF=0.3
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Figure (5.40) Effect of Minimum Pressure on Thermal Efficiency for MKCS'1
at Pmax=35 bar and DF=0.3
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Figure (5.41) Effect of Minimum Pressure on Thermal Efficiency for MKCS2
at Pmax=35 bar and DF=0.3

5.6.6.2 Net power

Figs (5.42-5.44) display the effect of cycle minimum pressure on net
power for different ammonia mass fraction at constant maximum pressure
and constant dryness fraction at separator inlet. The net power is found in
MKCS2, MKCS1 and SKCS at P,,,,=35 bar, DF=0.3 and x=0.89 is 0.475
kW, 0.365 kW and 0.315 kW respectively. It is noticed when the minimum
pressure decreases the net power increases due to the increase in enthalpy
drop across the turbine. It is clear that the best conditions is found at low

pressure is 2 bar.
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Figure (5.42) Effect of Minimum Pressure on Net Power for SKCS
at Pmax=35 bar and DF=0.3
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Figure (5.43) Effect of Minimum Pressure on Net Power for MKCS'1
at Pmax=35 bar and DF=0.3
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Figure (5.44) Effect of Minimum Pressure on Net Power for MKCS2
at Pmax=35 bar and DF=0.3

5.6.6.3 - Exergy Efficiency

The effect of the minimum pressure on the exergy efficiency is
illustrated in figs (5.45-5.47). The trend of the effect of the minimum
pressure on the exergy efficiency is same for the three cycles. When the
minimum pressure increases the exergy efficiency decreases since less useful
work is done and more energy is destructed. It has same behavior of thermal
efficiency. It is clear that the best low pressure is 2 bar with constant of the
maximum Pressure (Pmax=35 bar) and dryness fraction (DF=0.3). The value
of the exergy efficiency for SKCS, MKCS1 and MKCS2 is 24.2%, 30.24%
and 59.1% respectively at Pnin=2 bar, x=0.85 and DF=0.3. The highest
exergy efficiency with MKCS2 because MKCS2 uses two heat exchangers
to exploit the heat rejected.
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Figure (5.46) Effect of Minimum Pressure on Exergy Efficiency for MKCS'1
at Pmax=35 bar and DF=0.3
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Figure (5.47) Effect of Minimum Pressure on Exergy Efficiency for MKCS2
at Pwax=35 bar and DF=0.3
5.6.7 -Exergy destruction for SKCS, MKCS1 and MKCS2
This section is divided into two parts. First part is studying the total
exergy destruction in each cycle, while the second part is studying the exergy

destruction in each component for each cycle individually.

5.6.7.1 Effect of ammonia mass fraction
Figs (5.48-5.50) show the effect of the ammonia mass fraction on the exergy
destruction for SKCS, MKCS1 and MKCS2 at constant maximum pressure
and different minimum pressure with constant dryness fraction. All the
figures for the three cycles have same trend. It is noticed that when the
ammonia mass fraction increases the exergy destruction (loses) increases due
to increase the mass flow rate. This lead to increase the speed of the working
fluid inside the HRVG that means the working fluid doesn’t gain more heat
from the HRVG. When the mass flow rate increases the ammonia mass
fraction increases and the boiling temperature of the working fluid decreases

which means it needs less heat for evaporation. The highest exergy
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destruction occurs at x=0.89 because at this ammonia mass fraction has
highest mass flow rate. The exergy destruction for SKCS, MKCS1 and
MKCS2 are 0.74 kW, 0.68 kW and 0.61 kW respectively. The reduction ratio

between SKCS and MK CSI is 8.12%, the reduction ratio between SKCS and
MKCS2 is 17.6%.

Exergy Destraction (kW)
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Ammonia Mass Fraction (K, /KE. wiuel

Figure (5.48) Effect of Ammonia Mass Fraction on Exergy Destruction for SKCS at
Puax=35 bar and DF=0.3
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Figure (5.49) Effect of Ammonia Mass Fraction on Exergy Destruction for MKCS1
at Pmax=35 bar and DF=0.3
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Figure (5.50) Effect of Ammonia Mass Fraction on Exergy Destruction for MKCS?2
at Pmax=35 bar and DF=0.3

5.6.7.2 Effect of Maximum pressure

Figs (5.51-5.53) show the effect of maximum pressure on the exergy
destruction in the three cycles. It is noticed when the maximum pressure
increases the exergy destruction increases since the net power decreases as
mentioned before. The exergy destruction in SKCS is larger than the exergy
destruction in the other two cycles because it has no recovery heat, most of
the heat is rejected to environment as loses. The ratio of reduction of the
exergy destruction from SKCS to MKCS1 is 9.17% and the ratio of reduction
of the exergy destruction from SKCS to MKCS2 is 19.17% at Pi,=3 bar.
But the reduction ratio at P,,;;=2 bar, from SKCS to MKCSI is 8.93%, the
reduction ratio from SKCS to MKCS2 is 16.07%.
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Figure (5.51) Effect of Maximum Pressure on Exergy Destruction for SKCS
at Pmin=2 bar and DF=0.3
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Figure (5.52) Effect of Maximum Pressure on Exergy Destruction for MKCS1
at Pmin=2 bar and DF=0.3
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Figure (5.53) Effect of Maximum Pressure on Exergy Destruction for MKCS?2 at
Puin=2 bar and DF=0.3

5.6.7.3 Effect of minimum pressure

Figs (5.54-5.56) show the effect of minimum pressure on the exergy
destruction with different ammonia mass fraction and constant maximum
pressure and dryness fraction. When the minimum pressure increases the
exergy destruction increases because with low minimum pressure the net
power increases the exergy destruction decreases. It is found from the figures
the highest exergy destruction at Ppi,=4 bar and the lowest exergy
destruction at P,;,=2 bar. That is a good indication to choose the minimum
pressure is 2 bar. It is seen very clear the exergy destruction increases with

the increase of the ammonia mass fraction as mentioned before.
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Figure (5.54) Effect of Minimum Pressure on Exergy Destruction for SKCS at
Puax=35 bar and DF=0.3
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Figure (5.55) Effect of Minimum Pressure on Exergy Destruction for MKCS1 at
Puax=35 bar and DF=0.3
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Figure (5.56) Effect of Minimum Pressure on Exergy Destruction for MKCS2 at
Puax=35 bar and DF=0.3

5.6.8 Exergy Destruction in each Component

Fig (5.57) shows the exergy destruct in each component of the simple
Kalina cycle system (SKCS). It is found that the highest exergy destruction
is in the HRVG since the exergy destruction depends on the amount of the
mass flow rate of the working fluid, ammonia mass fraction and the separator
temperature. If the working fluid has low ammonia mass fraction it will
absorb more heat from the HRVG then there is less exergy destruction, but
if the working fluid has high ammonia concentration it will absorb less heat
from the HRVG then there is more exergy destruction since when the
ammonia mass fraction increases in the working fluid the boiling
temperature of the working fluid will decrease that leads to more exergy
destruction. The exergy destruction increases with the increase of the mass
flow rate. The exergy destruction in SKCS, MKCS1 and MKCS2 in HRVG
is 38%, 46% and 49% respectively as shown in figs (5.57-5.59). The other
components such as the condenser in each cycle has 13%, 18% and 15% for
SKCS, MKCS1 and MKCS2 respectively. The mass flow rate for SKCS,
MKCS1 and MKCS2 0.002873 kg/s, 0.003995 kg/s and 0.006253 kg/s

162



BRAPEEE FIVE .ottt Results and Discussions

respectively at Pmax=35 bar, Pin=2 bar, DF=0.3 and x=0.85. When the mass

flow rate gets large the exergy destruction also gets large.

Exergy destruction of simple Kalina at P1=35, P2=1bar, DF=0.3 and
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Figure (5-57) Exergy Destruction for SKCS

Exergy destruction for MKCS51 at Pmax=35bar, Pmin=2bar,x=0.85 and DF=0.3
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Figure (5-58) Exergy Destruction for MKCS1

163



BRAPEEE FIVE .ottt Results and Discussions

Exergy destruction for MKCS2 at Pmax=35 bar,
Pmin=2bar, x=0.85 and DF=0.3
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Figure (5-59) Exergy Destruction for MKCS?2

5.6.9 The selection of the best conditions

After the theoretical analysis for the three cycles SKCS, MKCS1 and
MKCS2 and studying the effect of different parameters on their
performance, fig (5.60) shows the thermal efficiency in the three cycles. It is
seen clearly when ammonia mass fraction increases the thermal efficiency
decreases, but the maximum thermal efficiency for MKCS2 is 23.4% at
x=0.85. Fig (5.61) shows the net power in the three cycles. When the
ammonia mass flow rate increases the net power increases. It is found that
the maximum net power at x=0.89 for the three cycles. Fig (5.62) shows the
exergy efficiency for the three cycles. The maximum exergy efficiency at

x=0.85. The conditions which are selected according to this work is P,.x=35

bar, Pnis=2 bar, DF=0.3 and x=0.85.
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Figure (5.62) Exergy Efficiency
5.7 The Experimental Study Results

In this section the results of the experimental investigation are
presented and discussed. For ease of discussion the results are divided into

three parts which are:

1- The effect of ammonia mass fraction on the performance.

2- The effect of maximum pressure on the performance.

3- The effect of minimum pressure on the performance.
The performance includes the thermal efficiency, net power, exergy
efficiency and exergy destruction during the modified cycle (MKCSE). The
maximum pressure is varied from 20 bar to 40 bar with Sbar step, minimum
pressure is varied from 2 bar, 3 bar and 4 bar, ammonia mass fraction is
varied from 0.85 to 0.89 with 0.01 step while the dryness fraction (DF) at

separator inlet is kept constant at 0.3. The thermal source which supplied
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heat to the system is electrical heater, the power of the electrical source

between 1000W-4000W.
5.7.1 Effect of ammonia mass fraction
5.7.1.1 - Thermal Efficiency

Figs (5.63-5.65) show the relationship between the ammonia mass
fraction and the thermal efficiency with different maximum pressures at
constant minimum pressure and dryness fraction. All figures show same
trend for all cases. When the ammonia mass fraction increases the efficiency
decreases at constant maximum pressure because of the increase of the mass
flow rate. The highest thermal efficiency is 12.9% at Pp,x=35 bar, Py,i,=2 bar,
DF=0.3 and x=0.85. The lowest thermal efficiency is 6.8% at P,.x=20 bar,
Pmin=4 bar, DF=0.3 and x=0.89 because at these conditions high mass flow
rate and high minimum pressure. The results agree with the theoretical

findings presented previously.
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Figure (5.63) Effect of Ammonia Mass Fraction on Thermal Efficiency for MKCSE
at Pmin=2 bar and DF=0.3
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Effect of ammaonia Mass Fraction on the
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Figure (5.64) Effect of Ammonia Mass Fraction on Thermal Efficiency for MKCSE

at Pwin=3 bar and DF=0.3
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Figure (5.65) Effect of Ammonia Mass Fraction on Thermal Efficiency for MKCSE

at Puwin=4 bar and DF=0.3
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5.7.1.2-Net Power

Figs (5.66-5.68) display the effect of the ammonia mass fraction on
the net power. The highest value of the net power is 0.367 kW at x=0.89 at
turbine inlet, Py,,=20 bar and DF=0.3 at separator inlet. When the ammonia
mass fraction increases the net power increases. Since the increase in
ammonia mass fraction increases the vapor mass flow rate through the
turbine, which increases the power output. The lowest value of the net power
is obtained at x=0.85 because in this ammonia mass fraction has low mass

flow rate as mentioned in section 5.2.1.
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Figure (5.66) Effect of Ammonia Mass Fraction on Net Power for MKCSE at Pmin=2
bar and DF=0.3
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Figure (5.67) Effect of Ammonia Mass Fraction on Net Power for MKCSE at Pmin=3
bar and DF=0.3
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Figure (5.68) Effect of Ammonia Mass Fraction on Net Power for MKCSE at Puwin—=4
bar and DF=0.3
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5.7.1.3-Exergy Efficiency

Figs (5.69-5.71) display the relationship between the ammonia mass
fraction and the exergy efficiency. When the ammonia mass fraction
increases the exergy efficiency drops due to the increase in mass flow rate
same as mentioned before. Hence the exergy destraction increases that’s lead
to drop the exergy efficiency. This is the same behavior as the thermal
efficiency. The highest value of exergy efficiency is 28.5% at Pnax=35 bar,
Pmin=2 bar and DF=0.3. It is noticed that the minimum value of exergy

efficiency is 15% at Pnax=20 bar, Pnin=4 bar and x=0.89.
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Figure (5.69) Effect of Ammonia Mass Fraction on Exergy Efficiency for MKCSE at
Pnin=2 bar and DF=0.3
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Effect of Ammaonia Mass Fraction on the
Exergy Efficiency at P_,_=3 and DF=0.3
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Figure (5.70) Effect of Ammonia Mass Fraction on Exergy Efficiency for MKCSE at
Puin=3 bar and DF=0.3
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Figure (5.71) Effect of Ammonia Mass Fraction on Exergy Efficiency for MKCSE at
Puin=4 bar and DF=0.3
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5.7.2 The Effect of Maximum pressure on the Performance

5.7.2.1 Thermal efficiency

Figs (5.72-5.74) display the relationship between the maximum
pressure and thermal efficiency for different ammonia mass fraction. It is
seen when the maximum pressure increases the thermal efficiency increases
sharply till Py,.x=35 bar, after that when the maximum pressure increases the
thermal efficiency decreases. Actually there are two effective factors the
evaporation heat (hg) and sensible heat. When the maximum pressure
increases the evaporation heat (hg) decreases, while the sensible heat
increases. The sensible heat factor is more effective from the other factor.
When the mass flow rate decreases that means the speed of the working fluid
decreases then the working fluid absorbs more heat that leads to increase the
temperature in the separator also maximum pressure increases as
consequently. It is found that the highest thermal efficiency is 12.9% at
x=0.85 at turbine inlet and Py,i,=2 bar.
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Figure (5.72) Effect of Maximum Pressure on Thermal Efficiency for MKCSE at
Puin=2 bar and DF=0.3
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Effect of Maximum Pressure on the
Thermal Efficiency at P__=3 and DF=0.3
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Figure (5.73) Effect of Maximum Pressure on Thermal Efficiency for MKCSE at
Pnin=3 bar and DF=0.3

Effect of Maximum Pressure on the
Thermal Efficiency at P__=4 and DF=0.3

10.8

Thermal Efficiency (%)

6\.8 L L L

20 25 30 a5 a0
Maximum Pressure (bar)

Figure (5.74) Effect of Maximum Pressure on Thermal Efficiency for MKCSE at
Puin=4 bar and DF=0.3
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5.7.2.2 -Net Power

Figs (5.75-5.77) show the effect of the maximum pressure on the net power
with different ammonia mass fraction. All behaviors are same for all figures.
The values of the net power at 2 bar, 3 bar and 4 bar are 0.37 kW, 0.33 kW
and 0.295 kW respectively. To increase the maximum pressure, have to
increase the temperature of the working fluid in the separator, to increase the
temperature must decrease the mass flow rate which comes from the pump
same as mentioned before. So when the maximum pressure increases the net
power decreases because of the decrease of the mass flow rate. All the
figures display the best net power at maximum pressure 20 bar because it has
high mass flow rate at this maximum pressure. As the maximum pressure
increases the vapor mass flow rate decreases due to decrease in total mass

flow rate which reduces turbine output.
Effect of Maximum Pressure on the
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Figure (5.75) Effect of Maximum Pressure on Net Power for MKCSE at Pmin=2 bar
and DF=0.3
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Effect of Maximum Pressure on the
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Figure (5.76) Effect of Maximum Pressure on Net Power for MKCSE at Pmin=3 bar
and DF=0.3
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Figure (5.77) Effect of Maximum Pressure on Net Power for MKCSE at Pmin=4 bar
and DF=0.3
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5.7.2.3 -Exergy Efficiency

Figs (5.78-5.80) display the relationship between maximum pressure
and exergy efficiency. When maximum pressure rises the exergy efficiency
increases because the increase of the mass flow rate, then the working fluid
takes time to absorb more heat from HRVG. The best values of the exergy
efficiency at Pm.,=35 bar. The exergy efficiency is 28.4%, 27.35% and
25.4% at 2 bar, 3 bar and 4 bar respectively. The trend all of the figures as
shown below is same. The exergy efficiency drops after P,.x=35 bar because
the net power drops due to that decrease of the mass flow rate. This is the
same behavior as the thermal efficiency. It is due to less heat absorbed in the
HRVG and less exergy destruction.

Effect of Maximum pressure on the
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Figure (5.78) Effect of Maximum Pressure on Exergy Efficiency for MKCSE at
Punin=2 bar and DF=0.3
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Effect of Maximum Pressure on the
Exergy Efficiency at P, =3bar and DF=0.3
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Figure (5.79) Effect of Maximum Pressure on Exergy Efficiency for MKCSE at
Puin=3 bar and DF=0.3
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Figure (5.80) Effect of Maximum Pressure on Exergy Efficiency for MKCSE at
Puin=4 bar and DF=0.3
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5.7.3 Effect Minimum Pressure on the Performance

5.7.3.1 Thermal Efficiency

Figs (5.81) and (5.82) show the effect of the minimum pressure on the
thermal efficiency at constant maximum pressure and dryness fraction at
separator inlet. The pressure in the separator is the maximum pressure and
the pressure in the mixer is the minimum pressure. It is noticed when the
minimum pressure decreases the cycle efficiency increases because the
change of enthalpy across the turbine increases although the mass flow rate
decreases. It is clear the highest values of thermal efficiency at low pressure
is 2 bar while the lowest values of thermal efficiency at minimum pressure
is 4 bar. Thermal efficiency is 10.2% at x=0.85 at Py,in=2 bar while thermal
efficiency is 7.6%. It is seen the thermal efficiency drops from 10.2% to

7.6% because the minimum pressure increases.
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Figure (5.81) Effect of Minimum Pressure on Thermal Efficiency for MKCSE at
Puax=20 bar and DF=0.3
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Figure (5-82) Effect of Minimum Pressure on Thermal Efficiency for MKCSE at
Pwax=35 bar and DF=0.3

5.7.3.2 Net Power

Fig (5.83) and fig (5.84) show the relationship between minimum
pressure with the net power for different ammonia mass fraction at constant
maximum pressure and dryness fraction at separator inlet. It is shown that
when the low pressure increases the net power decreases due to decrease of
the enthalpy change across the turbine. The highest value of the net power at
Pmin=2 bar because it has high enthalpy change. The lowest value of the net
power at P.,i»=4 bar because it has low enthalpy change. The value of the net
power is 0.364 kW at x=0.89 and P,;,=2 bar, but at same ammonia mass flow
rate and Ppni,=4 bar the net power is 0.294 kW this drop in the net power

accours because the increase of the minimum pressure.
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Figure (5.83) Effect of Ammonia Mass Fraction on Net Power for MKCSE with
Different Minimum Pressure at Pmax=20 bar and DF=0.3
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Figure (5-84) Effect of Ammonia Mass Fraction on Net Power for MKCSE with
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5.7.3.3 -Exergy Efficiency

Figs (5.85) and (5.86) show the effect of minimum pressure on exergy
efficiency of MKCSE for different ammonia mass fraction at constant
maximum pressure. It is found that the highest exergy efficiency is obtained
at low pressure 2 bar, high pressure 35 bar at x=0.85, which is 28 .5%. When
the minimum pressure increases exergy efficiency decreases which is the
same behavior as the cycle thermal efficiency. It is also shown that the
exergy efficiency decreases as ammonia mass fraction increases for all
minimum pressure since less work is done and more exergy is destructed. It
is also shown that the exergy efficiency increases as low pressure decreases

since high work is done and less exergy destructed.
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Figure (5.85) Effect of Ammonia Mass Fraction on Exergy Efficiency for MKCSE
with Different Minimum Pressure at Pmax=20 bar and DF=0.3
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Figure (5.86) Effect of Ammonia Mass Fraction on Exergy Efficiency for MKCSE
with Different Minimum Pressure at Pmax=35 bar and DF=0.3

5.8 Exergy Destruction in MKCSE
5.8.1 - Exergy destruction in each component in MKCSE

Fig (5.87) shows the exergy destruction in each component. It is
noticed that the highest exergy destruction is in the heat recovery vapor
generator (HRVG) which is about 47% because the high mass flow rate
which pass through the HRVG that lead to more loses in the HRVG and also
heat transfer devices produce more exergy destruction. It may be due to the
higher temperature at which is heat is exchanged. The second component
which has more loses is the condenser has 17% from the exergy destruction.
The hot working fluid should be cooled in the condenser that is loses. The
other loses are in the absorber, separator and heat exchanger are 13%, 9%
and 8% respectively. The exergy destruction in the throttling valve is 1%

because the temperature doesn’t drop too much.
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5.8.2 — Cycle Exergy Destruction in All Cycle with Different Conditions

Figs (5.88) and (5.89) show the effect of ammonia mass fraction on
exergy destruction in the MKCSE cycle for different minimum pressure at
maximum pressure. The dryness fraction is kept constant in both figures at
0.3. It is seen that the exergy destruction increases with the increasing
ammonia mass fraction in the solution due to the increase in the circulate rate
throughout the cycle. The exergy destruction in Pp,=35 bar and x=0.89 is
larger than the exergy destruction at P,,,x=20 bar and x=0.89 because the net
power at P,,,x=20 bar is higher than the net power at P,.x=35 bar. As mention
in section 5.2.2 when the maximum pressure increases the mass flow rate

decreases.

Eergy destruction for MKCSE at Pmax=35bar,
Pmin=2bar, x=0.85 and DF=0.3
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Figure (5.87) Exergy Destruction in MKCSE at Punax=35 bar, Pmin=2 bar, X=0.85 and
DF=0.3
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Figure (5-89) Exergy Destruction for MKCSE at Pmax=35 bar and DF=0.3
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5.9 Optimizing Operating Conditions

5.9.1 Thermal Efficiency

Figs (5.90-5.93) display the relationship between the thermal efficiency,
maximum pressure and ammonia mass fraction at P, = 3 bar and 2 bar for
MKCS1 and MKCSE. It is noticed that the best operating conditions to
obtain maximum thermal efficiency are x=0.85, Ppin=2 bar and Py.x=35 bar
for both cycles. Also it is very clear that the thermal efficiency decreases
with increasing the minimum pressure. For MKCSI1 it is dropped from
11.2% to 9.5%, and for MKCSE it is dropped from 10.3% to 8.7%. The
deviation between of them in each minimum pressure 2 bar and 3 bar is

8.04% and 7.98% respectively.

N (%)

Figure (5.90) Thermal Efficiency for MKCS1 at Pmin=3 and DF=0.3
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Figure (5.91) Thermal Efficiency for MKCSE at Pmin=3 and DF=0.3
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Figure (5.92) Thermal Efficiency for MKCS1 at Pmin=2 and DF=0.3
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Figure (5.93) Thermal Efficiency for MKCSE at Pmin=2 and DF=0.3

5.9.2 - Net Power

Figs (5.94-5.97) illustrate the relationship between the net power and
ammonia mass fraction and maximum pressure for P, equal 3 and 2 bar
with constant DF=0.3 at separator inlet. All the figures have same behavior.
When the minimum pressure decreases the net power increases. It is very
clear the best condition for net power at x=0.89 because at this condition it
has large mass flow rate. It is clear that the effect of the maximum pressure
on the net power when the maximum pressure increases the net power
decreases. The highest value of net power is obtained at Pp,,,x=20 bar, x=0.89
and Pnix=2 bar for both experimental and theoretical. The net power in
experimental work is 0.37 kW and the net power in theoretical work is 0.39

kW. The difference between of them is 5.13%.
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Figure (5.94) Net Power for MKCS1 at Pnin=3 and DF=0.3
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Figure (5.95) Net Power for MKCSE at Pwin=3 and DF=0.3
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Figure (5.96) Net Power for MKCS1 at Pmin=2 and DF=0.3
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Figure (5.97) Net Power for MKCSE at Pmin=2 and DF=0.3
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5.9.3 -Exergy Efficiency

Figs (5.98-5.101) show the effect of both maximum pressure and
ammonia mass fraction on the exergy efficiency for MKCS1 and MKCSE at
Pmin=2 bar and Pni,»=3 bar for constant DF=0.3. It is seen that when the
minimum pressure decreases the exergy efficiency increases. The exergy
efficiency for MKCSI is dropped from 30.24% to 28.43% while the exergy
efficiency for MKCSE is dropped from 29.23% to 27.29%. The highest
exergy efficiency is obtained at Py,=35bar, Pyi,=2 bar and x=0.85 for both
cycles which are 38% and 28.5% for MKCS1 and MKCSE respectively. The
deviation between the experimental work and theoretical work is 5.99% and
6.64%for P.i,=2 bar and P,;,=3 bar respectively. The effect of maximum
pressure on the performance is the thermal and exergy efficiencies increase,

but the net power decreases same as mentioned before.

Figure (5.98) Exergy Efficiency for MKCS1 at Pmin=3 and DF=0.3
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Figure (5.99) Exergy Efficiency for MKCSE at Pmin=3 and DF=0.3

Mex (%)

Figure (5.100) Exergy Efficiency for MKCS1 at Pmin=2 bar and DF=0.3

192



CRAPIEE FIVE ..ot Results and Discussions

Ms/k,, 0.885
: 20
9y  0.890

Figure (5.101) Exergy Efficiency for MKCSE at Pmin=2 bar and DF=0.3
5.10 Comparison between Theoretical and Experimental Cycles

Performance

5.10.1 Thermal Efficiency
5.10.1.1 The Effect of the Maximum Pressure

Fig (5.102) shows the effect of the maximum pressure on the thermal
efficiency for two cycles MKCS1 and MKCSE with different of ammonia
mass fraction with constant minimum pressure and dryness fraction at
separator inlet. The trend is same for both of them. When the maximum
pressure increases the thermal efficiency increases. The value of maximum
thermal efficiency for theoretical and experimental are 14.23% and 13.09%
respectively. The deviation between the theoretical and experimental results

at Pmin=2 bar and P.x=35 bar is 8.01% which is due to experimental error.
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Figure (5.102) Comparison Theoretically and Experimentally the Effect of Maximum
Pressure On the Thermal Efficiency at Pmin=2 bar and DF=0.3 with Different

Ammonia Mass Fraction

5.10.1.2 The Effect of the Ammonia Mass Fraction

. Fig (5.103)) demonstrates the effect of the ammonia mass fraction on

the thermal efficiency of the two cycles MKCS1 and MKCSE with different

maximum pressure and constant minimum pressure and DF at separator

inlet. When the ammonia mass fraction increases the thermal efficiency

decreases. The deviation between thermal efficiency of MKCSI and

MKCSE at P,,,=35 bar is 8.02%, 7.95% and 7.86% for 2 bar, 3 bar and 4

bar respectively.
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Figure (5.103)) Comparison Theoretically and Experimentally the Effect of Ammonia
Mass Fraction on the Thermal Efficiency at Pmin=2 bar and DF=0.3 with Different
Maximum Pressure

5.10.1.3 The effect of the minimum pressure

Fig (5.104) displays the comparison between the experimental and
theoretical work. The effect of the minimum pressure on the thermal
efficiency of the two cycles MKCS1 and MKCSE with different of ammonia
mass fraction. The deviation between the two cycles at x=0.85 and Pp,=35

bar 1s 8.01%.
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Figure (5.104) Comparison Theoretically and Experimentally the Effect of
Minimum Pressure on the Thermal Efficiency at Pmax=35 bar and DF=0.3 with

Ammonia Mass Fraction

5.10.2 Net Power
5.10.2.1 The Effect of the Maximum Pressure

Fig (5.105) illustrates the effect of maximum pressure on the net
power for MKCS1 and the net power for MKCSE. The deviation
between of the net power for two cycles MKCS1 and MKCSE at
x=0.89 and DF=0.3 are 5.99% for 2 bar.
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Figure (5.105) Comparison Theoretically and Experimentally the Effect on the Net
Power At Pmin=2 bar and DF=0.3 with Different Ammonia Mass Fraction

5.10.2.2 The Effect of the Ammonia Mass Fraction
Fig (5.106) shows the effect of ammonia mass fraction on the net
power for two cycles MKCS1 and MKCSE at P,,,,,=35 bar, x=0.85 and
DF=0.3 at separator inlet. The deviation between of the net power for
two cycles MKCS1 and MKCSE at x=0.85 and DF=0.3 are 7.05% for
2 bar.

5.10.2.3- The Effect of the Minimum Pressure
Fig (5.107) shows the effect of minimum pressure on net power for
MKCS1 and MKCSE at P.,=2 bar, x=0.89 and DF=0.3. The
deviation between of the net power for two cycles MKCS1 and

MKCSE at x=0.85 and DF=0.3 are 7.1% for 2 bar.
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5.10.3 Exergy Efficiency
5.10.3.1-The Effect of the Maximum Pressure

Fig (5.108) explains the effect of maximum pressure on the exergy
efficiency for MKCSI1 and the exergy efficiency for MKCSE at P.=35,

x=0.85 and DF=0.3. The deviation between of theoretical and experimental

result is 6.01%.
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Figure (5.108) Comparison Theoretically and Experimentally the Effect of Maximum
Pressure on the Exergy Efficiency at Pmin=2 bar and DF=0.3 with Different Ammonia
Mass Fraction

5.10.3.2 -The Effect of the Ammonia Mass Fraction

Fig (5.109) shows the effect of ammonia mass fraction on the exergy
efficiency for two cycles MKCS1 and MKCSE. The deviation between the
theoretical and experimental at P,,x=35 bar, x=0.85 and DF=0.3 is 5.99%.
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Figure (5.109) Comparison Theoretically and Experimentally the Effect of Ammonia
Mass Fraction on the Exergy Efficiency at Pwin=2 bar and DF=0.3 with Different
Maximum Pressure

5.10.3.3-The Effect of the Minimum Pressure

Fig (5.110) shows the effect of ammonia mass fraction on the exergy
efficiency for MKCS1 and MKCSE. The differences between the theoretical
results and experimental at P,i,=2 bar, Pn.=35 bar, x=0.89 and DF=0.3 is
7.65%.
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5.10.4 Exergy Destruction

Fig (5.111) shows the exergy destruction in both cycles MKCSI1 and
MKCSE. It shows the exergy destruction for different ammonia mass
fractions at maximum pressure 35 bar with constant minimum pressure
Pmin=2 bar and dryness fraction DF=0.3. The exergy destruction in the
theoretical cycle is less than that in the experimental cycle due to the
assumptions used in the theoretical analysis. The difference between the
theoretical and experimental cycles may be attributed to accuracy in
manufacturing the cycle components, the difference in sizes, the accuracy of
measuring devices and due to human errors. There are a lot of loses in
experimental work that is why it has largest amount of exergy destruction.
As mentioned before when the maximum pressure increases the exergy

destruction increases. Also when ammonia mass fraction increases the
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exergy destruction increases. All Figures show the effect of ammonia mass
fraction on the lowest exergy destruction for MKCS1 and MKCSE at P,i,=2
bar, x=0.85 and DF=0.3 are 0.66 kW and 0.94 kW respectively. The highest
exergy destruction occurs at x=0.89 for MKCS1 and MKCSE which are 1.1
kW and 1.4 kW respectively.
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Figure (5.111) Exergy Destruction in Each Cycle at Pmax=35 bar, Pmin=2 bar and
DF=0.3

5.11 Economic Feasibility

Kalina cycle system is a good solution to produce electricity from low
temperature heat sources such as waste heat. Therefore the use of KCS helps
to reduce the fossil fuels consumption and reduce harmful emission of
greenhouse gases (GHG) globally by producing useful power from heat
which is otherwise rejected to environment. The calculation of equivalent

fuel saving and equivalent CO, emission reduction is based on MKCS2
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cycle, which gave maximum power production. This calculation is based on
the following assumptions:
1- Assume the fuel is diesel fuel with a chemical formula of (C;sH34),
with lower calorific value of 44000 kJ/kg.
2- The thermal efficiency for conversion from thermal energy to
electricity energy is 25%.
3- The fuel air mixture is stoichiometric.
For MKCS?2 the net output power is 0.41 kW at Py,,x=20 bar and x=0.89.

To find Q;,, (heat input in HRVG) from equ. (5.7), this value represents the
total required thermal energy.

W
(nconv)th = Pet (5-7)
Qin
. 0.41
an = E = 1.64 kW

To find fuel mass flow rate my from equ. (5.8)

Qi, = ¢ * LCV (5.8)
. _ Wnet
mf N (Mconv)th+Lcv (59)
' 041 37273  10-5 %4
= = 5. * e
™ = 70.25 + 44000 s
The fuel saving per unit electricity power (k;l)f is calculated as follows.
elec
The fuel saving per unit electricity power=3.7273*10/0.41
kg/
=9.091*%10° —=
kW eiec

The reduction of CO, emission per unit electrical power(kmr:l)f It s
elec

obtained as follows

From chemical reaction equation
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Ci6H34124.5(0,1+3.76N,) — 16 CO+ 17 H,O+ 92.12 N,

Form the above stoichiometric reaction equation it is found that
each lkg of fuel produces 3.115 kg CO,. Therefore the fuel
consumption rate of 3.73*107 kg/s produces 0.0116*102 kg/s

CO,. The carbon dioxide produced per unit electrical power

kg
generated is 0.0283*102 4

kW eiec

Where
LCV is Lower calorific value (kJ/kg)

(Mconv)tn 1S Thermal efficiency for convention
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Chapter Six: Conclusions and Suggestions for Future Work

6.1 Conclusions

After the analysis of the theoretical and experimental results, the following

conclusions are drawn

1- The effect of the dryness fraction on the performance of different versions
of Kalina cycles. When dryness fraction increases, the thermal efficiency

increases, the net power increases.

2-When the ammonia mass fraction increases, the thermal efficiency
decreases, the net power increases, the exergy efficiency decreases and the

exergy destruction increases for all cycles.

3- The effect of maximum pressure on the performance of SKCS, MKCS1
and MKCS2 with different ammonia mass fraction and constant minimum
pressure and dryness fraction. When maximum pressure increases, thermal
efficiency increases till P,.x=35 bar after that the thermal efficiency drops,

the net power drops, exergy efficiency and exergy destruction increase.

4- When the minimum pressure increases, the thermal efficiency, net power

and exergy efficiency increase, and exergy destruction drops.

5-The highest exergy destruction occurs in the HRVG. The exergy
destruction increases with the increase of the mass flow rate. The exergy
destruction for SKCS, MKCS1 and MKCS2 in HRVG is 36%, 46% and 49%
respectively. The exergy destruction in the condenser in each cycle is 13%,
18% and 15% for SKCS, MKCS1 and MKCS2 respectively. The exergy
destruction in the throttling valve in SKCS, MKCS1 and MKCS2 are 24%,
8% and7% respectively.
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6- The best operating conditions are x=0.85, Pya=35 bar, Pnis=2 bar and
DF=0.3. The value of the maximum thermal efficiencies for SKCS, MKCS1
and MKCS?2 are 9.44%, 14.23% and 23.53% respectively.

7- The optimum operating conditions are found at P,,,,=30.8 bar and x=0.88
for SKCS. The optimum thermal efficiency and optimum net power are 8.8%
and 0.33 kW respectively. It is noticed that the optimum operating conditions
at x=0.88 and P,,x=33.5 bar for MKCSI1, the optimum value of the thermal
efficiency and net power are 13.5% and 0.354 kW. It is found that the value
of the optimum Py, and x are 34 bar and 0.88 respectively for MKCS2. The
value of the optimum thermal efficiency and net power are 21.8% and 0.462

kW respectively.

8- The maximum cycle efficiency is 13.1% at operating conditions Ppax=35
bar, x=0.85, Pnin=2 bar and DF=0.3 at separator inlet. The difference
between of them is 7.94%.

9- The maximum net power is obtained at Py,,=20 bar, x=0.89 and DF=0.3
which is 0.37 kW. The deviation between the efficiency of MKCSE is 6.1%.

10- The highest value of exergy efficiency for theoritical and experimental
18 30.24% and 28.43% at P.x=35 bar, Pin=2 bar, DF=0.3 and x=0.89. The

deviation between the experimental and theoretical is 5.99%.

11- The exergy destruction, in the heat recovery vapor generator (HRVG) is
40%, while the exergy destruction in other components are condenser,
absorber, separator, heat exchanger, pump and the throttling valve are 13%,

9%, 7%, 6%, 1% and 1% respectively in the MKCSE.

12- Thermal efficiency is decreased with an increase of the minimum

pressure from 2 bar to 3 bar for MKCSE to be dropped from 10.3% to 8.7%.
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13- When the minimum pressure increases from 2 bar to 3 bar and x=0.89,

the net power drops in MKCSE from 0.37 kW to 0.32 kW.

14- When the maximum pressure increases, the thermal efficiency increases

sharply till Pnax=35 bar, after that when the maximum pressure increases, the

thermal efficiency decreases.

15- When the minimum pressure increases, the exergy efficiency decreases

for MKCSE is dropped from 28% to 27%.

6.2 Suggestions for Future Work

1.

A

Studying the effect of super heat conditions at turbine inlet by adding
heat exchanger before the turbine.

Studying the cycle performance, as a bottoming cycle, integrated with
the topping cycle of a solar system or a gas turbine system.

Studying the effect of working fluid type on cycle performance.
Studying the effect of the reheating system of vapor.

Expliot the heat rejected in the condenser to be used for heating.
Studying the effect of adding a heat exchanger between the throttling
valve and the pump.

Using the working fluid which comes from the pump to cool the mixer

instead of the cooling mixer system which is used in the present work.
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Appendix

APPENDIX (A)

Design the condenser

EES Code for Condenser Design

"1This example uses the Compact Heat Exchanger library to calculate the

heat transfer rate between air and an fluid solution in a cross-flow finned-

tube heat exchanger ."
$UnitSystem SI Mass J K Pa

L=2.4[inch]*convert(inch,m)
HX$="fc_tubes_sCF-775-58T"

"length”
"core geometry"

Call CHX_geom_finned_tube(HX$: D_o, fin_pitch, D_h, fin_thk, sigma, alpha,

A_fin\A)

"Air-side calculations"

{T_C out=T _H_in}

T C_bar=(T_C_in+T_C_out)/2
side"

A fr=W*H
rho_C=Density(Air,T=T_C_in,P=Po#)
m_dot_C=V_dot C*rho C

Call CHX _h_finned_tube(HX$, m_dot _C, A _fr,

side"

Vol=W*H*L
A_C=Vol*alpha
R_C=1/(h_C*A_C)

"geometry parameters”

"initial guess for T_C_in"
"average temperature on air-

"frontal area"
"density of air"
"mass flow rate of air"

'‘Air',T_C_bar,Po#:h_C)

"heat transfer coefficient on air-

"total heat exchanger volume"
"total air-side surface area"
"air-side resistance"

Call CHX_DELTAp_finned_tube(HX$, m_dot C, A fr,.L, 'Air', T_C in, T_C_out,

Po#: DELTAP_C)

"Tube-side calculations"

{T_H out=T _C_in}

T H_bar=(T_H_in+T_H_out)/2
side"

W_tube=0.0445 [m]

tubes"

H_tube=0.005 [m]

tubes"

th_tube=0.065 [inch]*convert(inch,m)

"pressure drop on air-side"

"initial guess for T_H_out"
"average temperature on liquid-
"horizontal distance between
"vertical distance between
"tube wall thickness"
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N_tube h=floor(L/W _tube) "number of tubes horizontally"
N_tube_v=floor(H/H_tube) "number of tubes vertically"
L_tube=W*N_tube_h "length of one tube"
D_i=D_o-2*th_tube "inner tube diameter"
rho_H=800 "density of NH3H20"

m_dot_ H=V _dot H*rho H "mass flow rate of NH3H20"

call PipeFlow('EG',T_H_bar,Conc_H,m_dot_H/N_tube_v,D i,L_tube,0[-]:h_H_T,
h HH,&

DELTAP_H_tube, Nusselt H_T, f H, Re_H)"correlations for internal flow in a
circular tube"

u_H=V_dot H/(N_tube v*pi*D_i"2/4) "velocity of NH3H20"
K total=K_Sharp_Edged_Pipe_ Exit('turbulent')+K_Sharp_ Edged_Pipe_Inlet(D __
&

+(N_tube_h-1)*K_ReturnBend(0 [-]) "total minor loss coefficient"
DELTAP_H=DELTAP_H_tube+K_total*rho_H*u_H"2/2

"total liquid-side pressure loss"

A_H=N_tube v*pi*D_i*L_tube "total liquid-side surface area"

R _H=1/(h_H_T*A_H) "liquid-side resistance"

"Fouling"

FF_H=FoulingFactor('Ethylene glycol solution') "liquid-side fouling factor"

R _foul=FF_H/A_H "fouling resistance"

"Heat Exchanger Calculation”

R_total=R_C+R_foul+R_H "total resistance"

UA=1/R_total "conductance"

c_C=cP(Air,T=T_C_bar) "specific heat capacity of air"

C dot C=c_C*m_dot C "capacitance rate of air"

¢_H=cP(EG,T=T_H_bar,C=Conc_H) "specific heat capacity of

NH3H20"

C _dot H=c_ H*m_dot H "capacitance rate of NH3H20"

C_dot_min=MIN(C_dot_C,C_dot_H) "minimum capacitance rate"

NTU=UA/C_dot_min "number of transfer units"

eff=HX('crossflow_both_unmixed', NTU, C_dot C, C_dot_H, 'epsilon")
"effectiveness"”

Q_dot_max=C_dot_min*(T_H_in-T_C_in) "maximum possible rate of heat

transfer"

Q_dot=Q_dot_max*eff "actual rate of heat transfer"

T_C_out=T_C_in+Q_dot/C_dot_C "energy balance on air"

T _H_out=T_H_in-Q_dot/C_dot_H "energy balance on NH3H20O"

Design Results

alpha=3285 [m"2/m"3]
A C=6.711 [m"2]
A fin\A=0.95 [-]
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A fr=0.1987 [m"2]

A H=1.729 [m"2]
Conc_H=47 [%]
c_C=1004 [J/kg-K]

C dot C=1092 [W/K]
C_dot H=19.29 [W/K]

C _dot min=19.29 [W/K]
c_H=3823 [J/kg-K]
DELTAP_C=63.47 [Pa]
DELTAP_H=0.07048 [Pa]

DELTAP H tube=0.07027 [Pa]

D h=0.00348 [m]

D i=0.01387 [m]

D 0=0.01717 [m]
eff=0.9997 [-]

FF _H=0.000352 [K-m"2/W]
fin_pitch=305 [1/m]
fin_thk=0.0004064 [m]

f H=16.21 [-]

H=0.3556 [m]
HX$="fc_tubes scf-775-58t'
h C=92.11 [W/m"2-K]

h H H=166.1 [W/m"2-K]
h H T=138.7 [W/m"2-K]
H tube=0.005 [m]

K total=1.5 [-]

L=0.06096 [m]

L tube=0.5588 [m]

m_dot C=1.087 [kg/s]
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m_dot H=0.005047 [kg/s]
NTU=8.542 [-]
Nusselt H T=3.821 [-]

N _tube h=1 [-]

N_tube v=71 [-]
Q_dot=270 [W]

Q _dot max=270.1 [W]
Re H=3.957 [-]

rho C=1.212 [kg/m"3]
rho H=800 [kg/m"3]

R C=0.001618 [K/W]

R foul=0.0002036 [K/W]
R _H=0.004392 [K/W]

R total=0.006213 [K/W]
sigma=0.481 [-]
th_tube=0.001651 [m]

T C bar=291.3 [K]

T C in=291.2 [K]

T C out=291.4 [K]

T H bar=298.2 [K]

T H in=312.2 [K]

T H out=291.2 [K]
UA=162 [W/K]
u_H=0.0005883 [m/s]
Vol=0.01211 [m"3]
V_dot C=0.8967 [m"3/s]
V_dot_H=0.000003309 [m"3/s]
V_dot H gpm=0.05 [gal/min]
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APPENDIX
(B)

Calculation of mass of working fluid
The size of the separator=r * 15, * lge,=9*10~m?
The size of the mixer=m * 1%, * L, =9%10m?
Separator and mixer has same dimensions and same size
The size of the condenser=a * b * [, * n=1.35%10m?
a=3.5*10"mm, b=41.5mm, 1.=580mm and n=16
There are many pipes have different lengths and different diameters
The size of pipes which connected the HE, mixer and the tank =m * rpz *
1,=1.5%¥10"m’
The size of the HRVG=m * 1& * l5=2.31*10"m’
Other plastic pipes= 1 * 1 * [; + 1 * 1 * [,=1.92*10"m’
The size of the main tank is 3*10 m’
The total volume= 19.35 litters

The total mass which is used it at first is 20kg and then it increases with
ammonia mass fraction increases for example at x=0.44, the mass of
ammonia is 8.8kg and the mass of water is 11.2kg. At x=0.45 the total mass
will be 20.364kg, the mass of ammonia is 9.164kg, while the mass of water
still same 11.2kg. In this calculation is accounted half size of mixer and
half size of separator and at least Slitters in the main tank.

Where

Isep Tadius of the separator

I'mix radius of the mixer

lsep length of the separator (cm)
Lmix length of the mixer (cm)

a, b, I and n are the width, height of the cross section of tube of the
condenser, length and number of turns of the condenser tube.
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1p and 1, are the radius and length of the pipes which connected the heat
exchanger and mixer.

rsg and lgg are the radius and length of the steam generator.

11, 11, 12 and I, the radius and the length of the two plastic pipes.
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©)

Calibration Certifications

Calibration Certificate
Central Organization for Standardization and Quality Control (COSQC)
Metrology Department/Mass & Pressure Section/Pressure Lab.

P.O. Box13032 Algeria street, Baghdad ,Tel: 7765180 E-Mail : cosqe@cosqge.gov.ig
Certificate No: PRE/ 287 /2022
QF-7.8-01-C Date of issue: 8/ 11 /2022
Customer
Name: Ll it ) dm/Auaaigh) 4308/ 0 Analy
Address: i
Item under calibration
Description: [Pressure gauge
Manufacturer: P-NEU TEC
Model: Bourdon Tube
Serial number: 138-1
Other identification: ange = 60 bar d=1 bar
Date of reception: 13/11/2022 Oredr No.= 138
Condition of reception: |As found
Standard(s) used in the calibration
Description: bigiml Pressure Gauge
Manufacturer: IGE Druck
Model: IDP1104
Serial number: 15287298
[Other identifieation: ___[Range =700 bar____|d=00Tbur
. Calibration information
Date of calibration: lL/I 1 /2022
Place of calibration: Pressure Lab
Method(s) of calibration: libration method are based on ( QF-7.8-01-C ) accordingto DKD-R 6-1:2014
Calibrated quantity: Pressure
Results of calibration: Attached a complete result in Annex 1 of this certificate
mniﬁfﬁmm
Measurement uncertainty: coverage factor k=2 to give confidence level of 95% .
Metrological traceability: The traceability of measurement to the SI units issued by the National Standard maintained at
lcenteral organization for standardization and quality control through calibration certificat issued of
__eertificate NO = REF/PRE/033/2022

Ihvlronnt;nm conditions of Temp.(23°C) RH(41%)

[The resulte are within the toleran

riing to 6-1:2014 & decision rule

p«mnmndmueucosocorm ized national stand:
sed other than in full by photographic process.This certificate refers only to the
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cosac
L)

Calibration Certificate
Central Organization for Standardization and Quality Control (COSQC)
Metrology Department/Mass & Pressure Section /Pressure Lab.

P.0. Box13032 Al jadria street, Baghdad , Tel: 7765180 E-Mail : cosqc@cosqe.gov.iq
Certificate No: PRE/ 287 /2022
QF-7.801-C Date of issue: 8/ 11 /2022
Annex 1/ Results
Pressure : " Deviation Expanded
Standard Reading from calibration | Mean value M-Paani) | Umesrininty Error span
M1i(up) M2(down) | (Dev.+Uexp) |(Dev.-Uexp)
bar bar bar bar box bar bar bar
0 0.0 0.0 0.00 0.00 0.15 PASS PASS
10 10.3 10.5 10.40 0.40 0.19 PASS PASS
20 20.5 20.8 20.65 0.65 0.23 PASS PASS
35 352 35.7 35.70 0.70 0.15 PASS PASS
37 37.8 37.8 37.80 0.80 0.15 PASS PASS
40 40.7 40.7 40.70 0.70 0.15 PASS PASS
= Tolerance == 1.00 bar |

s E7OT SPAN1

s ECTOT SPAN2
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Central Organization for Standardization and Q

Calibration Certificate

cosac (cosQc)
- Metrology Department - Physics Sect
Certificate No: PHT _ 1103/2022 (QF-78-01)
a7 Customer
[Name: 526 2BIS il e oS e A b 3 / Ll o A / A &/ O s
|Address Jh- Gad
| [ Item under calibration
ption: Temperature Controller With TC (K) Res.: 1°C
f: er: Jeanoko Model : C700FK07-M*AN
Other identification: (0--1300)°C Serial number: 20200604
Date of reception: 03/11/2022 Order No. : 605
iCondition of reception: As Found
Standard(s) used in the calibration
jon: Agilent With PT100 (1)
| Calibration information
te of calibration: 06/11/2022 Dueto: 06/11/2023
Place of calibration: PHLab(1,3) Calibration q 2 Temperature °C
{Method(s) of calibration: Calibration method using : QP-7.2-01-C
(Measurement The reported expanded uncertainty is based on UKAS M3003 Standard and the standard
juncertainty: Uncertainty multiplied by coverage factor k=2 to give confidence level of 95%
The traceability of measurement results to the SI units is assured by the National standard
logical bility: d at Central Org: for | and Quality Control through calibration
at:- UME (G1KS-0248)
Temp. :[26.70° C RH % :[30.0%
Results
Ref. (R) | UUC(M) |Error(M-R)| Uncertainty +
‘c 'C ‘c ‘C
50.0 50.0 0.0 0.7
79.4 80.0 0.6 1.0
120.6 121.0 0.4 08
150.5 150.0 -0.5 0.9
The Results in the table should be taken in to
¥ dingto
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Kalina Cycle System (a State of the Art)

Abdulkhodor Kathum Nassir @ and Haroun A. K. Shahad

Department of Mechanical Engineering University of Babylon, Babylon-Irag

3Corresponding author : abdul hussain@student.uobabylon.edu.iq
hakshahad @yahoo.com

nadsaanag@yanco.com

Abstract. This work is a historical review of Kalina System Cycle (KSC) development during last decades. This review
shows that a family of KCS was developed for the conversion of low grade energy into useful power or for cooling and
heating purposes, which is otherwise rejected to the environment. These low grade energy sources include solar energy,
geothermal energy, waste heat gnergy,.efc. The successful operation of KCS requires special type of working fluid. This
working fluid is a solution of two liquids, one is refrigerant with low boiling temperature while the other is absorbent with
high boiling temperature. The important characteristics of working fluid include constancy, green impact, security,
compatibility, toxicity, low cost and latent heat. This review shows that there is a good potential of using KCS to generate
useful power when using the right workin fluid.

Keywords: Waste Heat, Kalina Cycle System, Aqua-Ammonia, Exhaust Heat Recovery.

INTRODUCTION

The request for power is in rising with the increasing population, while the conventional resources such as fossil
fuel are insufficient and decreasing. In this case, it is required to find other source of heat to meet population
requirements. Other types of heat sources are wind, geothermal, solar, waste heat and so on, but some of these energy
are it low grade such as waste heat, solar and geothermal. Energy mass 1s small or very small and can't be transformed
to work. Special technologies are needed to change low-grade energy sources into useful power. Low grade energy is
the energy available at low temp, and cannot be converted into useful work unless special technologies are devised.
Temps of low grade energy sources range from atmosphere temp to about 400°C. The first technology used was
Organic Rankine Cycle (ORC), which usages low bubble temp organic mixtures to recuperate part of energy from
low grade sources. Another technology was suggested by Alexander I. Kalina in 1980. KC technology uses in power
plant. It consists of many components such as turbine, heat exchangers, pump, expansion valve, etc [1]. It same the
other cycles for constructing a conventional steam power plant. Most of the studying displayed that KC technology
can a reach to better performance than performance of ORC [2, 3 & 4]. studied numerically performance of
composition-adjustable Kalina cycle. The results showed that the composition-adjustable Kalina cycle system could
achieved higher thermal efficiency than normal KCS at same conditions. The optimized ammonia mass fraction based
on the thermal efficiency is in the range of 6.12-9.24% [5].

The working fluid i1s a binary fluid consists of two types of fluids with different boiling and dew points
temperatures. Aqua ammonia mixture is very important in Kalina cycle system. The concentration of the working
fhud is not constant thoneh ont the cvele Knmar et al [6] indicated that the Kalina cvele techniome 18 imnortant

|Appendix-12



Appendix

Thermodynamic Analysis of Ammonia Mass Fraction Effect
on Simple Kalina Cycle System Performance

Abdulkhodor Kathum Nassir ® and Haroun A. K. Shahad ®

Department of Mechanical Engineering University of Babylon-Babylon-Irag,

9 Corresponding author: abdul hussain@student.uobabylon.edu.iq
® hakshahad@yahoo.com

Abstract. This work studied the effect of ammonia mass fraction on Kalina cycle system performance with NH3-H20 as
working fluid. The mass fractions used in this theoretical study are 0.85, 0.86, 0.87, 0.88 and 0.89. The inlet turbine
temperature is 160°C. The maximum pressure varies from 35 bar to 50 bar with step 5 bar and minimum pressure are 1, 2,
3 and 4 bar. The dryness fraction at separator entrance is 0.3. The waste heat of combustion products from boiler is used
as the source of energy. The temperature of this combustion products is 175°C. The results showed that the highest thermal
efficiency and exergy efficiency are about 9.6% and 56% respectively at x=0.85, Pmax=50 bar and Pmin = 2 bar. While the
network i1s 0.139 kW at the same conditions. The highest exergy destruction is found in the vapour generator is 52%
compare with other components at ammonia mass fraction x=0.89, maximum pressure Pmax =35 bar and minimum pressure
Pmir =2 bar and dryness fraction DF=0.3. The highest exergy destruction is found at heat recovery vapour generator is 0.62
kW at Pmax =35bar, Pmin =2bar and x=0.85.

Keywords: Waste Heat, Separator, KalinaTechnology System, Aqua-Ammonia, Heat Recovery.

List of Symbols

E,~The exergy destruction [kW].

Q-Heat [kW]

CPexr —Lhe specific heat of exhaust gas [kJ/’kg. K]
vy —The specific volume of the working solution [m*/kg]

P- pressure [bar]

T-temperature [°C].

x —ammonia (NH;) concentration [kg xus/KZmixture)

h — specific enthalpy [kJ/kg]

s- specific entropy [kJ/kg. K]

m — mass flow rate [kg/s]

Cy- specific heat of water [kl/kg. K]

W — power [kW].
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ABSTRACT

Tbemchﬂlageofmmg“mcydelymmil(’S)uwmkemof‘-ebedh

Accepted: 23 December 2022 produce clectrical power or cooling effect fossil fucl and
pollutants emission. This study is \\mh ath rfi nal}ym of
Keywonds: different configures of Kalina cycle. Three configurations are studied which are a simple

Kalina cycle and two modifications of the simple cycle (MKCS1) and (MKCS2). A binary
mdofmnlndthH»lLO)uundnlh‘othﬂu\d.Tbenlyngopaanq
mass fi at turbine inlet and maximum cycle pressure.

Thedrynm at sep inlet is d and equal 0.3 and the minsmum
cycle is also assumed constant at 3bar. The results show that the maximum thermal
efficiency for KCS, MK(‘SI and MKCS2 are 8.64%, 12.7°% and 18.85% respectively at
the same d¥ (Pmax y=35bar, minimum pressure (Pmin)~3bar,
dryness fraction (DF)~0.3, mnwﬁm(xﬂuwhwnm
inlet is 160°C. The maximum exergy efficiency for KCS, MKCS| and MKCS2 are
34.21%, 51.92% and 75.34% ly at the Pmax~40bar, x~0.85, DF-0.3
and Pmin=3bar. The maximum net output for KCS is 0.21kW 2t Pmax~|Sbar and
x=0.85, the maximum net output power for MKCS1 and MKCS2 0.28kW and 0.41kW
respectively at Pmax=30bar and x~0.89. This is equivalent 10 a reduction in the diesel fuel
ion by about 9.1410* kgfkWelec. Akso it reduction the polluti ially CO:

waste heat, modified Kalina cycle system,
aqua-ammonia, exhaust heat recovery

¥ L

consumpt
about 291410 kgCOkWeke.

1. INTRODUCTION

The demand of energy is increasing worldwide which
requires large fossil fuel consumption. This mcans more
pollutants emission. Therefore, the need for new clean and
sustainable encrgy resources become urgent. These resources
includes, solar energy. wind cnergy, biocnergy, waste heat,
geothermal ... ctc. However, these resources are of low grade
type since it is available at low temperatures. Therefore, new
technologics are needed to make use of these resources. One
of these technologics is Kalina cycle system. Hossain etal. [1)
improved Kalina Cycle System-12 (KCS-12) by adding a
multi-phase expander in two positions. The first position of the
multi-phase expander is after the scparator and this cycle is
named KC-12A. The sccond position of the multi-phase
expander is before the scparator and this named KCS-12B.
The results show that the net power and efficiency of KC-
12Aas compared with KCS-12 increased by 3.23% and 3.68%
respectively, while it was 3.94% and 4.04% respectively for
KC-12B. It was found the maximum power output for KC-12B
is obtaincd at 15.217MPa and 0.8 ammonia mass fraction.
Kaczmarczyk ct al. [2] studicd and compared between Kalina
cycle and Organic used geothermal resources. The flow rate of
geothermal water is assumed from 120 m’/h to 550 m*h and
the temperature of water is not exceed 86°C. The results
showed that the gross power obtain from Kalina cycle is larger
than power obtaincd from ORC about 40%, but both of them
have same thermal efficiency around 6.49%. Cruz and Manucl
[3] studied the improvement of Kalina Technology and
potential of using for the global clectricity productions. When

1454

the maximum temperature is (116°C) for the heat source, the
working fluid leaves the HRVG at wet vapor. (KCS 1-2)
consists of cight heat exchangers, two pumps, scparator,
expansion valve and turbine. It used the waste heat (exhaust

gascs) in the factory of cement. ORC and KCS cogencration
cycle is operated on exhaust gases and cinder cooler exhaust
gasscs in cement factory. memzykdll.[-l]mldx‘dmd
analyzed two cycles (Organic Rankine and Kalina
Technology) to produce clectricity from geothermal resources.
The temperature of the water of geothermal is 82°C and a peak
flow rate of 51.22kg/s. The results show that, when ORC was
used the total power and total energy arc about 0.24 MW and
NOMWhrcspcdmly When KCS was used the total power
and total cnergy increase to 0.43MW and 1730 MWh
respectively. Ozahi and Toziu [5] studicd and analyzed KCS
which is operated by waste heat from power plant in Turkey.
It used to recover the heat from the power plant to gencrate
0.9546MW with thermal cfficiency of 24.15%. Meng ctal. [6]
studied and investigated organic Rankine cycle ORC. It is
found that the ORC operates with low temperature and heat
sources, as low as 80°C. The stcam is a working fluid with
normal RC, it nceds high temperature of the heat sources
above 360°C. Li and Dai [7] studied the usc of working fluid
pair which consists of 86% NH: and 14% H:O and obtained
better performance (thermal cfficiency and output power)
plants as compare as to normal RC. Dhahad ct al. [8] presented
a new cycle which consists of Kalina Cycle and the absorption
refrigeration cycle. The system works with low-temperature
and the source of the heat was waste heat source. The results
showed that the system is suitable for cooling rather than for
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Keywords:
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recovery

Simple Kalina cycle system (SKCS) 15 used for low temperature, mtermediate temperature
and high temperature heat recoveries. However, ifs efficiency is rather low. Therefore, a
modification 15 suggested to improve 1ts efficiency. In this work a computer program 15
developed to predict the energy-exergy performance of a modified Kalina Cycle System
(MKCS) usmg aqua ammomia solufion. If consists of heat recovery vapor generator
(HRVG), condenser, heat exchanger, separator, turbme, throftling valve, absorber and
pump. The modification 15 implemented by infroducing a heat exchanger (HE) between the
separator and expansion valve. This HE 15 used to reheat the work solution which comes
from the pump by the high temperature hot weak solution which comes from the separator.
The effect of many operating conditions such as dryness fraction (DF) at separator inlet,
low pressure and ammonia (NH3) mass fraction with constant high pressure on cycle
performance 1s studied. The results show that the modified cycle efficiency 1s higher than
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ABSTRACT

Kalina cycle is a thermodynamic power cycle uses any waste heat source (low
temperature source) to generate electrical power or cooling. Many versions of Kalina
cycle exist. In this paper a regeneration Kalina version is designed and constructed. The
cycle consists of the following main components: heat recovery vapor generator
(HRVG), separator, turbine, condenser, throttling valve, mixer (absorber), heat exchanger
and pump. The heat exchanger is used to heat the working fluid coming from the pump
before entering the HRVG by the hot saturated liquid (weak solution) coming from the
separator. The cycle uses aqua ammonia mixture as the working fluid with different
ammonia concentrations. The effect of many operating conditions on cycle performance
is studied such as ammonia (NH3) mass fraction (range from 0.85-0.89), low pressure
(range from 2-4 bar), and maximum pressure (range from 20-40 bar). The dryness
fraction (DF) at separator entrance is kept at 0.3. The results show that the highest
thermal efficiency obtained 1s 12.9% at Pmx=35bar, Pmin=2bar, and x=0.85. The highest
value of the net power is 0.367kW at x=0.89 at turbine inlet pressure of , Pmax=20 bar.
The highest value of exergy efficiency is 28.5% at Pmax=35bar, Pmin=2 bar. It is noticed
that the highest exergy destruction is in the heat recovery vapor generator (HRVG) which
is about 48% due to high temperature heat exchange process and low mass flow rate. The

exergy destruction is larger at Pmax=35 and x=0.89 than the exergy destruction at Pmax=20
bar and x=0.89.

Keywords: Kalina cycle, waste heat source, aqua-ammonia, heat recovery vapor
generator, exergy efficiency.

1- Introduction

Nowadays, as energy need and fossil fuel consumption increase, pollution is increasing
also. Due to the limited conventional energy resources, many researches have been
carried out to develope new energy resources and to reduce pollution and cost. Kalina
cycle recovers heat from low grad energy sources and converts it to useful work and to
generate electrical power. This application helps to reduce fossil fuel consumption which
leads to reduction in pollutants emission. Horta et al. (2021) [1] studied and compared
the performance of two versions of Kalina cycle, (Kalina cycle system (KCS1) and
kalian cycle system (KCS34). Both of them were performed for cogeneration of
electricity from waste heat recovery in the cement industry. The optimization results
showed that, the efficiency of the cycle of the KCS1 and KCS34 was 22.9%, 21.9%
respectively. The exergy efficiency for KCS1 and KCS34 was 55.8%, 53.2%
respectively. Parvathy nd Varghese (2021) [2] studied the effect of two turbines on the
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