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ABSTRACT

M. Sc. Thesis

PERFORMANCE ANALYSIS OF AN EXISTING WIND-ASSISTED
COMBINED POWER PLANT

Hasan YASSIN

Karabiik University
Institute of Graduate Programs

The Department of Mechanical Engineering

Thesis Advisor:
Assist. Prof. Dr. Abdulrazzak AKROOT
June 2022, 60 pages

The exhaust gases from a gas turbine (GT) are used in combined cycles to enhance the
power produced and the thermal efficiency of the cycle. Typically, 30-40% of the gas
turbine shaft effort is utilized to drive the compressor. The current research looks at a
system that was created combines wind turbines (WTs) with an integrated gas vapor
cycle (GTCC). It shows how WTs may be utilized to power the compressor in the GT
cycle and pump fluid through an ideal Rankine cycle to boost total power production

and efficiencies of the combined cycle.

Since WT will supply the power needed for the compressor and pump instead of
typical energy from the GT, the new system is more flexible than a combined cycle

alone. Thermodynamic analysis of a combined cycle (Brayton + Rankine) aided by a



wind turbine is the focus of the current work. This study also looks at how the

performance of the recommended system is affected by various operating conditions.

An EES (Engineering equation solving) computer program is programmed to solve a
mathematical equation and used to analyze the developed system. According to the
investigation and analysis results, 44 units of SWT-DD-130 Siemens wind turbine can
cover the power required for both the compressor and pump with a critical wind
velocity of 9.9 m/s.

The results presented that the addition of wind turbines (WTs) to the gas turbine
combined cycle (GTCC) provides more power output (compared with a GTCC without
WTSs). Besides, the combined gas turbine cycle produces 193.4 MW, while the WT-
GTCC cycle produces 355.4 MW. (This means adding the WTs to the GTCC cycle
increases the electricity produced by 162 MW). According to the results, both energy
and exergy efficiencies of the existing wind-assisted combined power plant were
enhanced by 72.44% and 68.25%, respectively. The highest irreversibility in the wind
turbine and the combustion chamber of the WT- GTCC cycle has been discovered as
47.2% and 37.21%, respectively.

Key Words  : Wind energy, Combined Cycle, Power Plant, Renewable Energy, Exergy
efficiency, Energy efficiency.

Science Code : 91436



OZET

Yiiksek Lisans Tezi

RUZGAR DESTEK iLE KOMBINE ENERJi SANTRALIN PERFORMANS
ANALIZI

Hasan YASSIN

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Makina Miihendisligi Anabilim Dah

Tez Danismanai:
Dr. Ogretim Uyesi Abdulrazzak AKROOT
Agustos 2022, 60 sayfa

Gaz tlirbininden (GT) ¢ikan egzoz gazlary, iiretilen giicli ve termal verimliligi artirmak
icin kombine cevrimlerde kullanmilir. Tipik olarak, gaz tiirbini saftinin %30-40"1
kompresorii ¢alistirmak i¢in kullanilir. Mevcut arastirmadaki, riizgar tiirbinlerini
(WT'ler) entegre gaz buhar1 dongiisiinii (GTCC) birlestirerek olusturdugu sisteme
bakmaktadir. GT ¢evriminde kompresore gii¢ saglamak ve kombine ¢evrimin toplam
gii¢ iiretimini, verimliligini artirmak i¢in ideal bir Rankine ¢evrimi araciligiyla siviy1

pompalamak i¢in RT'lerin nasil kullanilabilecegini gostermektedir.

WT, GT'den gelen tipik enerji yerine kompresoér ve pompa igin gereken giicii
saglayacagindan, yeni sistem tek basina kombine ¢evrimden daha esnektir. Bir riizgar
tiirbini tarafindan desteklenen kombine ¢evrimin (Brayton + Rankine) termodinamik
analizi, mevcut calismanin odak noktasidir. Bu g¢alisma Onerilen sistemin

performansinin ¢esitli ¢aligma kosullarindan nasil etkilendigini de incelemektedir.

Vi



Matematiksel bir denklemi ¢ozmek i¢cin EES (Miihendislik denklemi ¢6zme)
bilgisayar programi programlanmakta ve gelistirilen sistemi analiz etmek igin
kullanilmaktadir. Arastirma ve analiz sonuglarina gére 44 adet SWT-DD-130 Siemens
rlizgar tiirbini, 9,9 m/s kritik riizgar hizi ile hem kompresor hem de pompa i¢in gereken

giicii karsilayabilmektedir.

Sonuglar, gaz tiirbini kombine ¢evrimine (GTCC) ve riizgar tiirbinlerinin (WT'ler)
eklenmesinin daha fazla gii¢ ¢ikisi sagladigin1 gostermektedir. (WT'leri olmayan bir
GTCC ile karsilastirildiginda). Ayrica, kombine gaz tiirbini ¢evrimi 193.4 MW, WT-
GTCC g¢evrimi ise 3554 MW dretmektedir. (Bu, GTCC dongiisine WT'lerin
eklenmesi, tretilen elektrigi 162 MW artirdig1 anlamina gelir). Elde edilen sonuglara
gore mevcut riizgar destekli kombine santralin hem enerji hem de ekserji verimliligi
sirastyla %72,44 ve %68,25 oraninda artirtlmaktadir. WT- GTCC ¢evriminin riizgar
tirbininde ve yanma odasinda en yiiksek tersinmezlik sirasiyla %47,2 ve %37,21

olarak goriilmektedir.
Anahtar Kelimeler : Riizgar enerjisi, Kombine Cevirim, Gii¢ Santrali, Yenilenebilir

Enerji, Ekserji verimliligi, Enerji verimliligi.

Bilim Kodu 191436
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PART 1

INTRODUCTION

1.1. INTRODUCTION

As worldwide energy consumption has increased, so has research into improving and
creating energy extraction and performance enhancement techniques. In conjunction
with a gas-vapor combined cycle, wind turbines can be used to save energy produced
from turbines in a combined cycle, typically used to power both the pump and the
compressor. However, in our present system, the pump and the compressor will be

powered by wind turbine energy, and all situations will be explored.[1]

Having typically combined cycle and wind-assisted Combined Power Plant
comparison in figure 1-1 saving the Compressor energy is generally driven by 30-40%
of the gas turbine shaft effort on Brayton cycle via wind energy and saving it on net
produced power also saving the pump energy on Rankine cycle is driven by produced
power from turbines via wind energy that will give us higher overall efficiency and
higher work.[1]

Wind turbine energy is defined as renewable energy inspired by natural resources that
are constantly renewed and non-exhaustible, and classified as unconventional and are
pure, inexhaustible, unlimited, and environmentally beneficial energy sources that are

characterized by not releasing chemical wastes harmful to the environment.

The introduction of combined cycle plants has been an advancement in the hunt for
improved thermal efficiency in traditional power plants. As a result, gas turbines
devoted to combined-cycle applications are being developed, which has generated a

lot of attention recently.



The importance of power production by gas turbines lies mainly in low initial costs,
great dependability, and flexibility in operation. The economics of electricity
generation using gas turbines are becoming increasingly more appealing. Another
distinguishing feature of gas turbine power plants is their ability to start rapidly and
use a variety of fuels, ranging from natural gas to residual oil or powdered coal.
Significant advancements in combined cycles have been made in three areas: raising
the unit capacity of gas turbine units and improving efficiency Gas turbine facilities
are now frequently used to meet peak demand, baseload, and standby power plants.

typically combined cycle
 Lower net Work
« Efficiency
« Compressor and Pump driven by net power

wind-assisted Combined cycle

« Higher net Work
« Higher efficiency
» Compressor and Pump driven by wind turbine

Figure 1. 1. Typically and wind-assisted combined cycle comparison.



1.2.WIND ENERGY

It is a source of renewable energy based on the wind that is available in high altitudes
that can bring with fans have 2 or 3 blades fixed on high rods that rotate because of

wind, with the axis of rotation aligned with the direction of the wind.

Wind turbines convert wind energy into electricity by using the rotor blades'
aerodynamic force, which functions similarly to an airplane wing or helicopter rotor
blade. When the wind blows across the blade, the air pressure on one side decreases.
Lift and drag are caused by the difference in air pressure between the blade's two
surfaces. The rotor rotates because the lift force is greater than the drag force. If the
turbine is a direct drive turbine, the rotor is linked to the generator directly. If not, the
connection is made through a gearbox, which speeds up rotation and enables the use
of a smaller generator. Energy is produced as a result of this conversion of

aerodynamic force to generator rotation [3].

1.2.1. Components and Mechanisms of Wind Turbine

e Wind turbine energy extraction depends on wind velocity that creates kinetic
energy when wind creates movement on blades.

e The turbine is the foundation stone of a wind energy system; improving or
analyzing the performance of a wind energy system depends on the turbine.

e The rotor, major bearing, main shaft, gearbox, and generator compose the
drivetrain of a turbine with a gearbox. The drivetrain turns the turbine's rotors
(blades, and hub assembly) low-speed, high-torque revolutions into electrical
energy.

e Most turbines feature three blades, which are generally constructed of fiberglass.
The turbine blades vary, but a typical contemporary land-based wind turbine
has blades more than 170 feet long (52 meters). The largest offshore wind
turbine is GE's Haliade-X, which has blades 351 feet (107 meters) long —
roughly the length of a football field [2]. The air pressure on one side drops

when the wind blows across the blade. The differential creates lift and drags air

3



pressure between the blade's sides. The rotor rotates because the lift force is

greater than the drag force.

A

1
L]
+ -

' i Radius (r) ! i
M H [ 1
1
1

5--— Root —i: Mid span -
1 1

Figure 1. 2. A typical blade layout and grouping of sections [3].

e The blade has several airfoil cross-sections of different sizes and shapes from
the root to the tip, developed and designed to capture and streamline the wind
during airfoil.

e The critical point for wind turbine the placement that must select a location to
maximize the electricity produced from wind turbines because taller towers
allow turbines to catch more energy and create more power since wind velocity
rises with height. Winds of 30 meters (about 100 feet) or higher are likewise
less turbulent.

e That makes a lift force produced when the wind moves over the airfoil, and the
wind turbine achieves the basic rotation that makes rotational movement on the
rotor that consists of blades and a hub.

e The rotor spins when winds make the rotation; it rotates on an axis parallel to
the ground because wind turbine blades generally revolve at a meager rate of
revolution per minute owing to mechanical failures. They cannot create any
measuring electricity frequency from a generator.

e A gearbox is required before connecting to the generator, which converts
mechanical energy into electricity. The gearbox is used to transmit torque by
slow-rotating the main shaft and using its gearbox arrangement to achieve the
high-speed ratio in the second shaft, which drives the generator—

e preferred to put two generators, a small one for light winds and a big one for

strong winds.



e There is a large disk (brake) on the major shaft to shut off torque transferred to
the generator. A mechanical mechanism controls the pitch of the blades, so pitch
adjustment can also be used to avoid the operation of the turbine under storm
conditions. A hydraulic system drives the pitch mechanism, with oil as the
shared medium. This system needs servicing and continuous pressure control
almost annually, along with the oil-lubricated gearbox. The oil would be treated
and must be cooled, leading to mechanical losses in the gearbox.

e Consequently, the electricity passes through the cables towards the base where

a step-up transformer is situated.[2]

Rotor & blades

spin the main shaft (C)
- and gearbox (D),
Inflow of wind which spins the

activates rotor (A) generator (G), resulting
& blades (B) in electrical output

Inflow of wind

(6] ”
Figure 1. 3. Mechanisms of action [4].

1.2.2. Performance and Evaluation of The Wind Turbines

The turbine is a conversion device of wind energy to mechanical energy that will with
blades that capture wind movement that can make a rotary motion on a generator after

making organized by the gearbox to produce an electrical energy.

Wind turbine performance and evaluation mainly depend on internal factors (rotor size,
blade design, numbers of blades, and generator) externally (placement of wind turbine,
wind velocity, and weather).

e Rotor Size: the diameter of the motor constitutes the main point on the

efficiency of a wind turbine that affects rotor rotation velocity.



e Blades Number: standard is three for wind turbines, and any wind turbine with
more than three blades will slow on generator and wind resistance, making less
energy.

e Blade's design and cross-section: it will capture winds that will make the rotation

and starting point for the system, so it must design carefully and after making
studies on blade shape resistance of wind and how much appears to streamline

the wind with its shape.

Figure 1. 4. Efficiency losses due to optimal chord length simplification [5].

e The elevation and position of wind turbines, as they are high from the ground,
will make more energy.

e Amount of losses power on gearbox (gearbox friction, bearing losses) and

” C//'\
ig % -—Bladé;

B

generator losses.[6]

(R

Rotor

]

30 Pitch system

> — Anemometer
5, / Brake ® l)'

>
Wind direction Yaw drive

v
Yaw motorﬂ
Tower -

Generator

N\

\Nacelle Wind vane

High-speed shaft

Figure 1. 5 Wind Turbines components [2].
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1.2.3. Yaw Mechanisms

When the turbine is running, the electronic controller activates the yaw mechanism by
checking the position of the wind vane on the turbine numerous times per second.
For optimum power production, the blades will typically face the wind, but at any

moment, the direction of the wind will change.

When the wind has a deviation in the direction, a velocity sensor on the top of the
nacelle that measures the wind velocity and direction is sent to an electronic controller
signal. This in turn sends a signal to the yawing mechanisms to correct the direction;

thus, the wind turbine will always be aligned with the wind direction.[7]

Wind Wind
direction disturbance
[ Vv
Reference
yaw 1%
Yeer ——" G(S)
controller turbine
transducer

Figure 1. 6. Simple dead-band controller of yaw mechanisms [7].

1.2.4. Pitch System

The pitch system regulates the rotor speed by adjusting the angle of the wind turbine's
blades regarding the wind. The pitch mechanism determines the amount of energy the
turbine blades can extract by changing the angle of the blades. The pitching system
can also make the blade a "feather" and change the angle so that it does not generate
enough force to rotate the rotor. If the wind speed is too fast to operate safely, the blade

deflection will slow down the turbine's rotor, preventing damage to the equipment [3].



1.2.5. Transformers

Transformers take alternating current (AC) power at one voltage and adjust it to supply
electricity as needed. A step-up transformer is used in a wind power plant to boost the
voltage (thus lowering the needed current), which reduces the power losses that occur
while transporting large quantities of electricity over long distances via transmission
lines. When the electricity reaches a neighborhood, transformers decrease the voltage

to make it safe and usable by the community's buildings and residences.[2]

1.2.6. Wind Power Plants

Two or more wind turbines are called wind power plants, place of wind power plants
must consider the terrain often it is grouping in:

o flat lands in long parallel rows

¢ hilltops or Open land in long rows

e Dams and drainage channels in Parallel linear arrays.

It is like a traditional power plant with many independent generators (wind turbines)
feeding an energy-consuming source; usually, it is a public electricity grid and

connects to the main monitoring network [7].

Wind Power Plant

Wind power plants produce
electricity by having an array of
wind turbines in the same
location. The placement of a wind
power plant is impacted by factors
such as wind conditions, the
surrounding terrain, access to
electric transmission, and other
siting considerations. In a
utility-scale wind plant, each
turbine generates electricity which
runs to a substation where it then
transfers to the grid where it
powers our communities.

Figure 1. 7. Wind Power Plant [2].



1.3. COMBINED BRAYTON AND RANKINE CYCLE

The pursuit of improved thermal efficiency has resulted in inventive changes to
traditional power plants. The combined gas—vapor cycle, or simply the combined cycle,
is a more common variant that combines a gas power cycle with a vapor power cycle.
The most interesting is the gas-turbine (Brayton) cycle operating at high temperatures
atop a steam turbine (Rankine) cycle operating at low temperatures. The gas turbine's
high-temperature exhaust gases heat the steam. By converting the exhaust gas into
steam, energy is recovered from the exhaust gas, taking advantage of the highly
desirable properties of high-temperature gas turbine cycles. It makes sense for
researchers to use high-temperature exhaust gases as a source of power for bottoming
cycles such as steam-powered cycles [8].

1.3.1. Combined Cycle Description and Components

The Brayton cycle is created from an air compressor that makes an isentropic
compression process and combustion chamber that provides heat input with constant
pressure, and a gas turbine that makes an isentropic expansion process the thermal
efficiency of a Brayton cycle depends and increases with both of these parameters on
the pressure ratio of the gas turbine and the specific heat ratio of the working fluid.,
The exhaust of the Brayton cycle at high temperature and low pressure is used to power
a Rankine cycle through cooling heat exchanger is used to reject heat and high and
low-pressure steam turbines that make isentropic expansion process and condenser is
used to reject heat and finally pump that make Isentropic compression process, boost
a power cycle's thermal efficiency by increase the average temperature at which heat
is delivered to the boiler's working fluid or reduce the average temperature at which
heat is rejected from the condenser's working fluid. That is, during heat addition, the
average fluid temperature should be as high as feasible, while during heat rejection, it

should be as low as possible.[8]
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Figure 1. 8. Components of Combined Brayton and Rankine Cycle [8].

The combined cycle uses the same input energy, but it produces more work (by the
work of the Rankine cycle steam turbine). The following figure is a schematic of the
total heat engine, which may be considered a collection of higher and lower heat
engines. The top engine is a gas turbine (Brayton cycle) that transfers heat to the

lower engine, a steam turbine (Rankine cycle) [9].
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Figure 1. 9. Combined Brayton and Rankine Cycle efficiency [9].

1.3.2. The Overall Efficiency of The Combined Cycle

A combined-cycle power system's overall electrical efficiency is generally in the
region of 50-60 percent, which is a significant improvement over the efficiency of a

basic, open-cycle application of roughly 33 percent [11].

It is possible to derive it as follows. The heat absorbed by the gas turbine is denoted as
Qi While the heat rejected to the atmosphere is denoted as Q,,,. Q; denotes the heat

emitted by the gas turbine.[10]

The hot exhaust gases from the gas turbine flow via a heat exchanger and are utilized
as a heat source for the two-phase Rankine cycle, resulting in Q 1 being the heat input
to the steam cycle as well. In other words, the gas turbine's heat input powers both the

gas and steam cycles.

This is how a combined-cycle plant generates electricity and absorbs waste heat from

the gas turbine to improve efficiency and output.

11



1. The gas turbine consumes fuel: The gas turbine compresses air and combines it
with fuel that has been heated to extremely high temperatures, the spinning of
the gas turbine blades is caused by the hot air-fuel combination moving through
them, the rapidly rotating turbine powers a generator, which turns some of the

spinning energy into electricity.

2. A heat recovery system captures exhaust: A Heat Recovery Steam Generator
(HRSG) collects gas turbine exhaust heat that would otherwise escape via the
exhaust stack, the HRSG generates steam from the exhaust heat of the gas

turbine and delivers it to the steam turbine

3. The steam turbine generates additional electricity: The steam turbine's energy
is transferred to the generator drive shaft, where it is turned into more electricity
[13].

1.4. SUMMARY

The current running models of the combined power generation cycles, especially
(Brayton Rankine), dismiss approximately 30% of the total power used as input power
to the compressor and pump. The thermal efficiency of combined power generation
cycles can be dramatically enhanced by utilizing input power to the compressor and

pump from wind turbines.

Because of their efficiency, CCGTs have become a cornerstone of generating fleets in
the United States, the United Kingdom, and other nations. Since 2000, the United
States has installed 267 GW of CCGT capacity, with CCGTs accounting for 56% of
gas-fired generating capacity [11]. In the United States, gas substitutes coal, increasing
the average CCGT capacity factor from around 35 percent in 2005 to over 60 percent
[15], and by assisted wind combined cycles, the efficiency will wide increase.

However, they must overcome several obstacles before may implement these ideas.

12



1.5. THESIS OBJECTIVES

This project aims to model, analyze, and simulate the wind-Assisted combined power
plant generation system. Study effect of design parameters, the impact of mechanical
consideration of wind velocity, exergy parameters, and efficiency. The main objectives

of this research are summarized as follows:

1. Design and model a wind-assisted combined power generation cycle.

2. Create a computer program using EES software to analyze the performance and
simulate a wind-assisted combined power generation cycle couple.

3. Investigate the effect of different operating conditions on the performance of
the horizontal axis wind turbine.

4. Investigate the effect of different operating conditions on the performance of

the developed system.

13



PART 2

LITERATURE REVIEW

2.1. INTRODUCTION

There is a wealth of literature devoted to the modeling, design, and study performance
of combined gas—vapor cycle and wind power plants and their applications due to the

importance of renewable energy.

The world is working to develop and increase renewable energy because of
environmental and economic advantages compared to conventional energies.

Therefore, it should remain in continuous and permanent development.

This chapter will include past work on energy flow, modeling, optimization
approaches, and control technologies for Wind turbines and combined gas—vapor
cycles. It also presents and invests a list of literature reviews on combined gas—vapor

cycle and wind power plants.

2.2. WIND ENERGY CONVERSION SYSTEM

Wind power is estimated to be 3.6*109 MW around the globe; however, precise
estimations from the World Meteorological Organization show that only 1% of wind
power is accessible for energy exploitation in diverse places and is expected to be
roughly 0.6Q (175*1012 KWh) [16]. Also, A wind turbine's rotation speed is
determined by its aerodynamic characteristics and the size of its wind blades.
Furthermore, the turbine's connection to the electric grid is critical since all modern
wind generators that are linked to the grid produce electric current with the same

frequency as the central grid.
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Figure 2. 1. The resulting aerodynamic force and its constituents [12].

The net driving force will rise if the reverse force on the returning blade is decreased.
The deflector plate enhances the power coefficient by 50% when it is in its ideal
position, according to Golecha's [17] results. The highest power coefficient in the
presence of a deflector plate is 0.21 at a tip speed ratio of 0.82. The maximum
coefficient of power for a three-stage modified Savonius rotor, a two-stage 0° phase
shift, and a 90° phase shift with a deflector plate improve by 42%, 31%, and 17%,

respectively.

730 mm

2695 mm
—————

330 mm

170 mm

H

245 mm

(a) (b)

Figure 2. 2. (a) view of the experimental setup and channel from the side. (b) the
experimental setup channel from above [13].

Using computational methods, Mohamed et al. [18] improved the shape and location
of a flat deflector for two- and three-blade Savonius turbines. Both turbines saw a 27%
increase in performance, even though the deflector's optimal geometry differed from

turbine to turbine.
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Figure 2. 3. Comparison of instantaneous flow structures with leading blades in
vertical position for optimal configuration at A = 0.7 a: 2-blade turbine. b:
3-blade turbine [14].

Altan et al. [19] revealed that the power output of a Savonius turbine rose more than
double that of a regular turbine because of an efficient arrangement of two deflecting

flat plates that guide incoming wind to advancing blades.

For the axis vertical, the circumferential flow of a Savonius wind turbine blade is
quantitatively analyzed. For a wind velocity of 6 m/s, three distinct scenarios were
applied to the tunnel entrance, yielding three different (0°-45° and 90°) blade angles

and vectorial velocity graphs.
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Figure 2. 4. Velocity distributions around the wing [15].

Crawford [16] studied the size and energy yield of WTs in the life cycle energy and
greenhouse emission assessments. Comparing two different size turbines shows that,
while using a large WT reduces the footprint area per unit of rated power, there is no

discernible difference in energy yield between small and large turbines.

&

n :l?.'.',l service life O "H'ljn service life

Ld
=

Energy Yield Ratio (EYR)
L

850 kW Wind turbine 3.0 MW Wind turbine

Figure 2. 5. Wind turbines with an energy yield ratio of 850 kW and 3.0 MW [16].
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Energy and exergy evaluations of vertical and horizontal WTs were provided by Pope
et al. [17]. The results revealed that energy and exergy efficiencies differed by 50-53
percent for horizontal WTs and 44-55 percent for vertical WTs. Improved site
selection and turbine design using an exergy technique can also boost WT output

capacity while lowering economic costs.

Vs B NACA 63(2)-215 Airfoil
[m/s] FX 63-137 Airfoil
41 ® Savonius VAWT
B Zephyr VAWT
5
u p
1 2 3 4
Definition of V,

Figure 2. 6. Definitions of velocity for a variety of wind power systems [17].

Hall et al. [18] proposed a variable ratio gearbox in a WT to improve system efficiency.
According to the findings, a variable ratio gearbox may benefit all sorts of WTs,

independent of their type, and enhance efficiency at a reasonable cost.
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Z s
:
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0
(1] 5 10 15 20 -]

wind speed [m{s]

Figure 2. 7. Power curve by using a VRG (Variable ratio gear) [18].
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Wind turbines were operated using a nonlinear feedback linearization controller and
an Extended Kalman Filter by Kumar and Stol [23]. A LQR was contrasted with the
recommended controller (linear quadratic regulator). The proposed controller provided
better control over rotor speed regulation when the wind speed was close to the rated
wind speed. The controller showed decreases in low-speed shaft fatigue damage
equivalent loads, power regulation, and speed regulation compared to a Gain
Scheduled Proportional Integral controller created specifically for speed regulation.
When the wind speed was close to the rated wind speed, the feedback linearization

controller outperformed a LQR but underperformed at higher wind speeds.

l

Measured States

i
=i}

Figure 2. 8. Suggested controller with an extended Kalman filter to operate wind
turbines [19].

Wind turbines are subjected to unbalanced effects such as strong winds, which results
in variable blade air loads, and performance stress loads can cause damage to turbine
components and, ultimately, breakdowns. Shen et al. [24] evaluated wind turbine
aerodynamics and loads under wind shear flow, which would result in unstable blade
air loads and performance. The turbine blades were modeled using the advanced lifting
surface approach with a time marching free wake model. Individual pitch control was
used to prevent flap-wise fatigue damage in wind turbine blades and discovered that
IPC of the fluctuating blade root flap-wise moment might significantly minimize flap-
wise fatigue damage. However, blade root edgewise moments are less susceptible to
shifting blade pitch than blade root flap-wise moments.
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Figure 2. 9. A diagram of a blade element's velocity and force decompositions [20].

2.3. COMBINED GAS-VAPOR CYCLE

The reheat mixed Brayton/Rankine power cycle was investigated by Khaliq et al. [21].

Using the second-law technique, they evaluated the influence of factors such as

pressure ratio, cycle temperature ratio, number of reheats, and cycle pressure drop on

the combined cycle performance. Their modeling findings revealed that the

combustion chamber is the site of the highest exergy destruction.
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Figure 2. 10. Schematic diagram of the combined Brayton/Rankine power cycle with
reheat [21].

Khaljani et al. [26] combined a gas turbine (GT) with an ORC via a single-pressure
heat recovery steam generator (HRSG). Through computer modeling, they discovered
that raising the pressure ratio and the compressor and gas turbine isentropic
efficiencies improved thermodynamic performance while lowering total costs.
Furthermore, increasing the departing temperature of the air preheater will benefit the
system both thermodynamically and economically. The rise in the condensation
temperature and pinch point temperature difference of the ORC evaporator, as well as
the increase in the pinch point temperature difference of the heat recovery steam
generator, reduces the first and second law efficiency and raises the system's overall

cost rates.
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Figure 2. 11. Schematic diagrams of the combined heat and energy of combined gas
turbine and organic Rankine cycle [22].

Marrero et al. [23] investigated and improved the exergy processes of integrated triple
power plants. The Brayton cycle (gas-based) and two Rankine cycles are examined in
the triple analysis (steam and ammonia based). The results revealed that the heat
recovery heat exchanger had the highest exergy destruction. Their research indicated
that using feedwater heaters increases efficiency. Furthermore, when the ambient
temperature rises, exergy efficiency falls, and as pressure rises, the ratio of exergy

efficiency rises to a particular level before falling.
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Figure 2. 12. Schematic diagram of the triple cycle [23].

Ahmadi et al. [24] investigated the energy, exergy, exergy-economic, and
environmental aspects of a combined power plant as well as the impact of additional
firing based on bottoming cycle performance and CO2 emissions. They employed the
first and second principles of thermodynamics. The results showed that when the
pressure ratio increased, the power of the steam cycle dropped. As a result, the system's
total efficiency rose, and CO2 emissions fell. Furthermore, CO2 emissions can be

decreased by choosing the optimal component with a low fuel injection rate.
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Figure 2. 13. A combined cycle power plant schematic with additional firing [24].

Cihan et al. [25] used a parametric study of several components to conduct an energy
exergy analysis of a power plant in Turkey, utilizing data from its operational units
and analyzing a complex energy system, and discovering the possibilities for
enhancing system efficiency more completely. The data demonstrate that combustion
chambers, gas turbines, and heat recovery steam generators (HRSG) are the primary
sources of irreversibility, accounting for more than 85 percent of total exergy losses.
Also, some constructive and thermal ideas for these devices have been offered to
increase system efficiency. And the results showed that the plant components with the
largest exergy destruction are the combustion chamber, gas turbine, and heat recovery
heat exchanger.
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Figure 2. 14. Process schematic for one of the main units of that combined-cycle power
plant [25].

Nag et al. [26] proposed using pressured circulating fluidized beds for partial
gasification and coal combustion based on the first and second laws. Also, The
Redlich-Kwong equation of state is used in the topping gas turbine plant to evaluate
the characteristics of air at high pressures. In the bottoming plant, a dual pressure steam
cycle is being examined to reduce irreversibility in heat transfer from gas to water and
steam, investigated the impact of the gas cycle's pressure ratio and peak cycle
temperature ratio, as well as the steam cycle's lower saturation pressure, on the overall
performance of the combined plant. Gas turbine working fluid temperatures vary from
1100°C to 550°C, whereas steam turbine working fluid temperatures range from

550°C to the ambient temperature, resulting in close to 50% total efficiency.
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Figure 2. 15. Model of the combined cycle [26].

According to Ibrahim et al. [31], the simple gas turbine configuration is more suited
for power production, while the regenerative gas turbine architecture has a greater
efficiency regarding ambient temperature. There is little difference in total power
output between simple gas turbine and regenerative gas turbine configurations at lower
compression ratios because the simple gas turbine has a larger power output at lower

compression ratios.
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Exhaust

Figure 2. 16. The schematic diagram: a) Simple combined cycle gas turbine power
plant b) combined cycle two-shaft gas turbine power plant. a) Intercooler
combined cycle gas turbine power plant and Regenerative [27].

Bassily [32] presented a method for reducing the irreversibility of the combined cycle's
steam generator. The effects of changing the gas turbine's input temperature (TI1T) and
pinch points on the performance of all cycles were shown and debated. When the same
values of TIT and pinch points are used, the findings show that the optimized
combined cycle is up to 1% more efficient than the reduced-irreversibility combined
cycle, which is 2-2.5% more efficient than the routinely planned combined cycle.
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Figure 2. 17. Schematic diagram of the dual-pressure reheats combined-cycle [28].

24.WIND TURBINE-BASED COMBINED BRAYTON AND RANKINE
CYCLE

Rabbani et al. [1] investigated a combination system consisting of a Wind Turbine
(WT) and a combined cycle. Wind energy provided the cycle's necessary energy,
calculated based on the quantity of cycle required energy. The load requirement
influences the critical velocity and critical mass flow rate. It was necessary to use more
wind power to compress air that may be utilized during a low penetration configuration
in the case of low demand and high penetration. During periods of high load demand,
all the wind power is used to operate the pump and compressor, and the storage unit
supplies more compressed air as needed. The calculations show that raising the
combustion temperature decreases the critical velocity and mass flow rate. Wind

velocity increases diminish the entire system's energy and exergy efficiency.
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Figure 2. 18. Schematics of the system [1].

Hossein et al. [2] presented complete research on a system that combines a Wind
Turbine (WT) with a combined heat and power cycle, with two objective functions of
the system's first and second law efficiency. The suggested heat and power
combination system in that research contains wind turbines to supply combined cycle
electricity, a gas turbine cycle with a capacity of 26 MW, and an ORC to generate
additional power. For the assumed base operating circumstances, adding ORC to the
system may generate about 273.1 kW more power from waste heat recovery of GT
cycle exhaust gases. Wind power is utilized to power the pump and compressor; if
necessary, more power is stored by the storage unit, which enters the system when the
wind velocity is low. The study's parametric analysis results reveal that increasing the
isentropic efficiencies of the air compressor and gas turbine, as well as the gas turbine
input temperature, enhances the system's thermodynamic performance. The total
system's energy and exergy efficiencies decrease as the wind velocity and compressor
pressure ratio increase. Exergy study revealed that the combustion chamber has the
largest exergy destruction, the compressor and gas turbine have substantial exergy

destruction, and the pump of the organic Rankine cycle has the least exergy destruction.
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Figure 2. 19. Schematic of the combined cycle with wind turbine [29].
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PART 3

SOLUTION METHODOLOGY

Two influential factors (combined cycle and wind turbine) of the developed system
merge between a wind turbine and gas-steam combined cycle. The new system is more
flexible than a combined cycle alone since WT will provide the power required for the

compressor and pump instead of traditional energy from the GT.

3.1. SYSTEM DESCRIPTION AND DISCUSSION SUPPLYING WT
REQUIRED POWER FOR GAS-VAPOR COMBINED CYCLE:

Pressure in kPa, Temperature in K and Mass Flow rate in kg/s are shown for system as [P /T/ m]

[101.3/298/9.9]

5 l [1261/1582/427.9]
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Figure 3. 1. Schematic of WT-GTCC.
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The current study is a thermodynamic analysis of a combined cycle (Brayton +
Rankine) assisted by a wind turbine. This study also investigates the effect of different

operation conditions on the performance of this suggested system.

The compressor in the Brayton cycle and the pump in the Rankine cycle require
input power, which is given by the wind turbine when critical wind velocity has been
achieved.[29]

As shown in Figure 3. 3, the ambient air at point 3 is compressed in a compressor at a
pressure of 0.101 MPa and a temperature of 298.15 K. The compressed air is then
introduced into the combustor. At 1.327 MPa, fuel is fed into the combustor. The gas
turbine expands the output stream of the combustor, which has a temperature of
1300°C and provides a net power of 333.36 MW. The high temperature and low-
pressure exhaust from the Brayton cycle are utilized to power a Rankine cycle. The

working fluid is pushed at high pressure in a saturated liquid phase.

Wind Turbine
based « Wind turbine.
combined « Combined Brayton and Rankine
Brayton and cycle
Rankine cycle

Figure 3. 2. Components of the developed system.

Since WT is the starting point for a developed system that will provide both
compressor and the pump with required power, the produced power from wind turbine
may be equal, less, and more than that, so must consider that by put controller for
energy that comes from wind turbine for these cases:
A. The power of wind turbine power equal to the required power for the
compressor and pump will provide the compressor and pump directly (the wind
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velocity is equal to the critical speed) by closing the flow valve V2 and the flow

valve V1.

B. Power of wind turbine more than required power for compressor and pump the

increased power will storage on a storage unit (the wind velocity is more than

the critical speed) by the flow valve V2 opens and the flow valve V1 closes,

allowing extra power to be stored in the storage unit as compressed air.

C. Power of wind turbine less than required power for compressor and pump the

storage power will provide required power the wind velocity is less than the

critical speed, and the flow valves V1 are opened, and V2 is closed, allowing

extra power in the storage unit to be pumped into the cycle.[1]

Vv
V>Ve V<Ve Vv=Vc
V2 - Open V1- Closed V2 -Closed V1-Open V1- Closed

V2- Closed

Figure 3. 3. Schematic of flow energy of WT cases [1].

To operate the pump and compressor in the gas-vapor combined cycle without using

the energy storage unit or any other inputs, it needs a (minimum) wind velocity. This

speed is called the critical velocity. The load demand controls it. (Power of wind

turbine equal to required power for compressor and pump the power will provide

compressor and pump directly).

When the WT powers the compressor and pump, the net power input to the combined

system is as follows:
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Wnet,input =W, + Wp 3.1

When the compressor and pump are powered by the WT and gas/steam turbines

produce work, the net power output to the combined system is as follows:

Whet,output = Wt + Wst + 11 Wy — W — Wp (3.2)

The net power for wind turbine output:

n (33)
Whet,input = z n * Wy

i=1
Thermal efficiency provided as [30]:

_ Whet (3.4)

Exergy efficiency is defined as the ratio of output exergy (net exergy work output from
the cycle) to input exergy (net exergy work input into the cycle plus exergy entered
the fuel injection) [31]:

EX. _ rhfuel * ChCH4 (35)
in fuel MWCH4
= Whetoutput (3.6)
e EXin fuel

3.2. PERFORMANCE AND ANALYSIS OF COMBINED BRAYTON AND
RANKINE CYCLE

This section will give the thermodynamic analysis (i.e., first and second law analysis)
of the Combined Brayton and Rankine Cycle. The following assumptions will be used

in the analysis:
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All components operate in a steady condition, and the kinetic and potential
energies terms are negligible.

Adiabatic heat exchangers.

The chemical energetic term remains constant throughout the turbine, pumps,
compressor, and heat exchanger.

The temperature and pressure in the surrounding environment are constant (To
=298 K and Po = 101.325 kPa).

Molar flow rates for streams, including any chemical reaction, may be utilized
to calculate energy balance equations.

Air is modeled as an ideal gas having a molar content of 21% oxygen and 79%
nitrogen.

The pump and compressor motors are estimated to have an efficiency of 88

percent.

3.2.1. Compressor Parameter (Process 3-4 Gas)

In the isentropic compression process, the temperature of the air after compression is

given by equation 3.8, and the compressor's work demand (in kW) is provided by
equation 3.9 [32,33]

m, = m, (3.7)
k-1

Tys (P4>T (3.8)

T;  \Ps

mz * Sz + Sg¢ = My S, (3.10)

m; * EX; + We = 1, * EX, + EXdcom (3.11)
EXd, 3.12

Nex,com = 1 — ( Wom) ( )

c
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3.2.2. Combustor Parameters (Process 4-6 Gas Fuel)

The methane fuel is used to make the combustor heat transfer heat input in the
combustor chamber for theoretical dry air. The complete combustion equation is:

CH4+Ay, (0,43,76N2) = CO2 + 2 H20 + Ay, (3.76) + N2

The balanced combustion equation with EX%/100 excess moist air is:

CH4+ (1 + EX)Awh (0,+376N2) = CO2 + 2 H20 + (1 + Ex)A(3.76)N2 +
Ex(A)02
m, + mg = mg (3.13)
my h4 + mg h5 = IMg h6 (314)
my S, + Mg S + Sgoc = Mg Se (3.15)
myex, + msexs = mgeXqg + Exdc. (3.16)
€Xg — €Xy
W oo = T (3.17)

Where exs = ex;r + excp

The chemical exergy of the fuel gases at point 8 can be determined as:

yCOZ.dTy = (0.04328 lyCOZ,P = 0.04101 IyHZO,dT'y = 0.08656 ,
yHZO,l = 005238 lyHZO,P = 0.08203 IyHZO,V = 0.02964 )
yNZ,dry == 07992 'yNZ,P == 07575 'yOZ,dT'y - 0126 y
Yozp = 0.1194, yp 41, = 0.9476

Heat addition in the combustion chamber may be expressed as [34]:
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3.2.3. Gas Turbine Parameters

During the process of a gas turbine, heated, pressured air gives up its energy by
expanding via a turbine. Some of the turbine’s output is used to power the compressor

when wind turbine energy it's not enough to feed the compressor and pump.

m6 == m7 (3.19)
Wer = mgc, (T —T7) (3.20)
mg * S¢ + Sger = M7 S, (3.21)
mgexg = Wgr + myex; + Exdgr (3.22)
k-1

.y (323)
Te  \Ps
ner = 2o — 7). (3:24)
(T — Tois)

EXdGT 3.25
lpex,GT = 1 - ( )

eXe — exy

3.2.4. Heat Recovery Steam Generator Parameters

The expanded air exiting the gas turbine is sent to the heat recovery steam generator
(HRSG), where the heat carried by it is used to generate steam. The produced steam is
sent to a steam turbine to expand and create steam Rankine cycle output. During the
Brayton cycle isobaric process will heat rejection from the air in the atmosphere,
during Rankine, the high-pressure liquid enters a heat recovery steam generator and is

heated at constant pressure by an external heat source to form a dry saturated vapor.

m,; = my, (3.26)
m;; = mg (3.27)
m;,h;; + m;h; = mghg + my,h;, (3.28)
mi;S11 +Mmys; + SgHRSG = MgSg + My3Sy> (3.29)
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mqq€exqq + ms;ex, = Mge€Xg + mi,€exio + EXdHRSG (330)

exg — €Xq (3.31)

Wex HRsG =
eXHRSG ™ oy — exq,

3.2.5. Steam Turbine

The dry saturated vapor expands and generates electricity as it passes past a turbine.
This reduces the vapor's temperature and pressure, and some condensation may occur.

The work output of a steam turbine may be expressed as follows:

m8 = mg (332)
Wsr =mg (hg — hy) (3.33)
mgsg + Sg,ST = m9$9 (334)
mgeXg = MgeXq + Exdgt + Wsr (3.35)
_ (hg—hy) (3.36)
Nst = 77—~
(hg — hgj;)
_ EXdST (337)
Wex st =1— oy — ey

3.2.6. Condenser

The moist vapor is then condensed at a steady pressure in a condenser to form a
saturated liquid and make heat rejection. The heat per unit mass absorbed by the

condenser may be calculated as:

m, = my (3.38)
Qcon =mg (hg — hyg) (3.39)
. 4
MgSq + Sg cD = MgSq + QCOH (3 0)
) TO
rhgeX9 = rhloexlo + EXdCD (34‘1)
_ €%10 (3.42)

LIJB.X con —
’ eXo
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3.2.7. Pump

The steam is pumped at various pressures ranging from low to high. Because the steam
is a liquid at this point, the pump takes less energy to operate through isentropic

compression. For an ideal status, the power per unit mass consumed by the pump is

provided as:

m10 = m11 (34‘3)
myq * V13(P11 — P1o) (3.44)

Wp =myq(hy; —hyg) = - =

2 Pump

MmyoS1o + Sg,P = My1513 (3.45)
mloexlo + WP = Ihnexll + EXdP (34‘6)
Exdp (3.47)

lpex,P =1- W

3.3. PERFORMANCE AND ANALYSIS OF Wind Energy And (Lanchester—
Betz Limit)

The greatest efficiency of the kinetic energy of wind converted to mechanical energy
was obtained by Lanchester in 1915 and Betz in 1920 and recorded at the same time
its maximum theoretical efficiency. It has been exposed that no wind turbines could
convert more than 16/27 of the kinetic energy of wind.[6] The aerodynamics forces
generated by the wind produce power output and loads that can produce energy.

3.3.1. Wind Turbine Parameters

The amount of air going through the rotor of a wind turbine per unit time is used to
calculate the available power. Equation (3.48) is used to calculate the mass flow rate
of the air stream hitting the rotor surface (A = mR?) where R is the rotor radius its 65
m (SWT-DD-130 Siemens [35]). Using To = 25 C and po = 0.101 MPa as the reference
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temperature and pressure of the environment and air density = 1.18 kg/m3, the mass

flow rate is [29]:

m = pAv, (3.48)

Equation (3.49) is used to calculate available power [36] :

_ pAV}

W, = mk, = (Maximum theoretical work) (3.49)
VZ VZ 3.50

pp Vi _pe V2 (3:50)

P p 2

. \£ . V3 ;

thy (hy +2) =1, (hy + 2 ) + Wir (3:51)

For entropy and exergy of a wind turbine, it can calculate as follows:

m; * S; + Sgwr = m;S,; (3.52)
. V7 . AW (3.53)
mq EXl + 7 = m, EX2 + 7 + WWT + EXdWT
Equation (3.54) is used to determine exit velocity [29]:
w * R (3.54)

vV, =

where o (rad/sec) is the angular velocity of the turbine

Cp denotes the proportion of upstream wind power collected by the rotor blades
denotes proportion of upstream wind power collected by the rotor blades also known
as the Betz limit. This number is also known as the rotor power coefficient or rotor
efficiency. The power coefficient does not have a fixed value. It fluctuates with the
wind turbine's tip speed ratio. Even in the best-designed wind turbines, values of 0.35-
0.45 are frequent in the actual world, much below the Betz limit [37]. According to the
Betz criteria, the maximum value of Cp is 0.5926 (in current research, it's 0.5).
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Equation (3.55) [29]. gives the power coefficient in this analysis, the losses of electrical

and mechanical equipment were estimated to be p alternator = p mechanic = 0.97.

W, (3.55)

2 3
M alternator * M mechanical * 0.5 * P * T * R% * Vy

Cp=

Wind turbine exergy efficiency is defined as a measure of how well fluid flow exergy
is converted into helpful turbine or inverter work. Exergy efficiency is obtained from
Equation (3.56) [29]:

_ W (3.56)

Yyr = —
"I w, E;—E

3.3.2. Turbine Blade Design (Tip Speed Ratio) Effect

The tip speed ratio is defined as the relationship between the rotor blades' velocity and
the wind's velocity. Equation (3.57) is the primary design parameter around which all

other optimal rotor dimensions are calculated [3]:

_ QxR (3.57)

A
Vwind

Consideration should be given to a variety of criteria when establishing the ideal speed for the
tip of the blade, as shown in Table 3. 1. Higher tip speeds can boost a turbine's efficiency
[29], albeit the gain is negligible when other factors such as increased noise,
aerodynamic and centrifugal stress are considered.

Table 3. 1. Design considerations for tip speed ratios [3].

Tip Speed Ratio Low High
Value Low tip speeds range Tip Speeds greater than
from one to two. 10 are considered fast.
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Utilization

Torque

Performance

Centrifugal Stress

Aerodynamic Stress

Solidity Area

Profile of the Blade

Aerodynamics

conventional windmills
and water pumps
Increases
Reduces significantly
below five because to the
rotating wake produced
by high torque.

Decreases

Decreases

Increasingly, several 20+
blades are necessary.
Large
Simple

Prototypes are mostly
single or two-bladed.
Decreases
Increases are
insignificant after eight

years.

As a square of rotational
velocity, it rises.
Increases in proportion to
the rotational velocity

Decreases significantly

Significantly Limited

Critical

A faster tip speed necessitates narrower chord widths, resulting in narrower blade

profiles. This can result in cheaper material utilization and production costs. However,

higher tip speeds are related to increased centrifugal and aerodynamic forces. The

increasing pressures indicate that preserving structural integrity and preventing blade

failure are demanding tasks. The aerodynamics of the blade design become

increasingly important as the tip speed increases. A blade built for high relative wind

velocity produces less torque at lower speeds. As a result, there is a more significant

reduction in speed [36]and difficulties in self-starting. Increased tip speeds are also

related to an increase in noise since noise increases nearly proportionally to the sixth

power [3,38].
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PART 4

RESULTS AND CONCLUSION

2.5. INPUT PARAMETERS

The data of a Wind turbine (SWT-DD-130 Siemens) and gas turbine (GE 9E.03) were
used to simulate a wind-assisted combined cycle. The Engineering Equation Solver

software (EES) was used to acquire the findings. Table 4.1 lists the main input

parameters and assumptions values during the simulation.

Table 4. 1. Main input parameters and assumptions values during the simulation.

Parameter Values
Wind Velocity 10 m/s
Blade radius SWT-DD-130 Siemens 65 meters [35]
Compressor inlet air temperature 273 [K]
Compressor inlet air Pressure 101 [kPa]
Pressure Ratio (GE 9E.03) 13.1 [39]
Lower heating value of the fuel (methane) 50.05 MJ/kg
Isentropic efficiency of Compressor 88%
Isentropic efficiency of Pump 88%
Isentropic efficiency of Gas Turbine 92%
Isentropic efficiency of Steam Turbine 92%

Steam inlet pressure of heat recovery steam generator

10,000 [kPa] [39]

Steam outlet temperature of heat recovery steam generator

817 [K] [39]

Mass flow rate of fuel

9.9 kg/sec [39]

Mass flow rate of air

418 kg/sec [39]

Pressure drops in gas combustion chamber

5%
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Pressure drops in the heat recovery steam generator (gas side) | 3%

Pressure drops in the heat recovery steam generator (steam | 4%
side)

2.6.VALIDATION

Table 4. 2 shows validation of the combined cycle model in this study with the data
sheet of the gas turbine GE 9E.03 [39]. The comparison presents that the results
between them are close, and the difference is minimal. It is clear from Table 4. 2 that
the developed model of this study produces 193.38 MW while the data sheet of GE
9E.03 gas turbine in combined cycle produces 204 MW.

Table 4. 2. Validation of the combined cycle model with the gas turbine GE 9E.03

[39].
Parameter GE 9E.03 Model | Present model
Pressure ratio 13.1 13.1
Net Output (MW) 204 193.38
Mass flow rate of fuel (kg/s) 9.9 9.9
Mass flow rate of air (kg/s) 418 418
Gas turbine generator type Air Air

Table 4-3 shows validation of the wind turbine model used in this study with the
manufactured company's wind turbine SWT-DD-130 Siemens data sheet [35]. The
findings show that the wind turbine in this study produces 3.68 MW, whereas the date
range of the power produced by SWT-DD-130 Siemens is 3.55-4.3 MW.
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Table 4. 3. Validation of the wind turbine model with the wind turbine SWT-DD-130
Siemens [35].

Parameter SWT-DD-130 Siemens | Present model
Flexible power rating (MW) | 3.55-4.3 3.68

Diameter (meter) 130 130

Swept area (m”2) 13,300 13,267
Standard operating temperature | from -20°C to 40°C 25°C

2.7. RESULTS PARAMETERS

Table 4. 4 displays the thermodynamic characteristics such as enthalpy, entropy, mass
flow rate, temperature, pressure, and exergy for each state of the WT-GTCC under

optimum operating circumstances.

Table 4. 4. The properties for each state for the WT-GTCC at the optimum condition

State | T (K) | P (kPa) | h (kJ/kg) | s (kJ/kg-K) | m (kg/s) | X (MJ)
1 298 | 101.3 298.4 5.694 156545 | 7.75
2 298 | 159.7 298.4 5.694 156545 | 3.68
3 298 | 101.3 298.4 5.694 418 159.1
4 665.6 | 1327 676.7 5.779 418 147.6
5 298 | 101.3 -4650 11.61 9.9 513.2
6 1582 | 1261 264.5 8.266 427.9 519.7
7 950.5 | 104.5 -536.5 8.354 427.9 165.7
8 800 | 9600 3448 6.71 18.52 28.39
9 349 |40 2393 6.973 18.52 7.403
10 349 |40 317.6 1.026 18.52 1.802
11 349.9 | 10000 | 329.2 1.03 18.52 1.995
12 817 | 101.3 -695.3 8.183 427.9 119.6

Table 4. 5 reveals the performance for each component of GTCC and WT-GTCC
cycles. The Table presents the GTCC produces 193.38 MW while the WT-GTCC
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produces 355.4 MW when wind velocity is 10 m/s for 44 wind turbine units. It is
shown in Table 4. 5 that for the GTCC cycle, the nexerg and Nthermar are 37.68 percent and
39.42 percent, respectively, but for the WT-GTCC cycle, they rise to 69.25 percent
and 72.44 percent as a result of the addition of wind turbines to the cycle.

Table 4. 5. Energy performance for each component of GTCC and WT-GTCC cycles

WT-GTCC GTCC
Work output from the gas turbine (MW) 333.364 333.364
Work input for air compressor (MW) 159.1 159.1
Work net from Brayton cycle (BC) (MW) 174.265 174.265
Work output from ST (MW) 19.332 19.332
Work input to the pump (MW) 0.22 0.22
Work net from (Rankine cycle) RC (MW) 19.113 19,113
Work output from the wind turbine (44 unit) 162.008 0
(MW)
Net output power (MW) 355.401 193.38
Overall exergy efficiency (%) 69.25 37.68
Overall thermal efficiency (%) 72.44 39.42

The main exergy analysis results for a different part of the GTCC are presented in
Table 4.6 and Figure 4.1. As demonstrated in this Table, the detailed data of inlet,
outlet, and destruction exergies can be found for each part of the cycle. This Table also
shows the details of X% and exergy efficiency for each component. Concerning Table
4.6 and Figure 4.1, it shows that the most exergy destruction of the GTCC components
related to the combustion chambers is 141.1MW because of the more of irreversibility
for a chemical reaction (70.46 % of the X, is destroyed through the CC). The gas
turbine comes next with a 20.58 MW exergy destruction (10.3 % of the X, is destroyed
through the GT).
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GTCC Exergy Destruction MW m Exergy Efficiency%

141,1
140
120
93,1
100 92,75 94,19 89,77
72,5
80
- 56,8
40
20,5 19,93 I P2 00224
20 115 1,436 5,632. ’
0
Air Combustion Gas turbine  HRSG Steam Condenser Pump
compressor  chamber turbine
Figure 4. 1. Exergy analysis of the power plant at GTCC
Table 4. 6. Exergy analysis for each component of GTCC
X input X output D¢ destruction D¢ destruction Exergy
Component (MW) (MW) (MW) 0 efficiency
= (%)
Air 159.1 147.6 11.53 5.75 92.75
compressor
Combustion 660.8 519.7 141.1 70.46 72.5
chamber
Gas turbine 519.7 165.7 20.58 10.27 94.19
HRSG 167.736 147.84 19.93 9.95 56.8
Steam turbine 28.24 7.471 1.436 0.71 93.1
Condenser 7.471 1.839 5.632 2.8 24.62
Pump 1.839 2.036 0.02242 0.01 89.77
GTCC 1544.886 | 992.186 200.23 100 37.68

Figure 4.2 Table 4.7 present the exergy analysis for each component of WT-GTCC
cycles. It illustrated from the results that the most exergy destruction of the WT-GTCC
cycle components connected to the WT is 179 MW (47.2% of the X, is destroyed
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through the WT in the WT-GTCC cycle). The CC and GT come next with 141.1 MW
and 20.58 MW exergy destruction rates (37.21% and 5.42% of the X, is destroyed

through the CC and GT). The Table also presented that the maximum exergy efficiency
related to the GT (94.19 %).

WT-GTCC Exergy Destruction MW

180

160 141,1

140

120 92,75
100

o O

Air Combustion Gas turbine

94,19

72,5
80
50 56,8
4
20,5 19,93 1,436
o0 115
0

compressor chamber

HRSG

m Exergy Efficiency%

178,956
93,1
89,77
47,52
24,62
0,0224
5,632.
Steam  Condenser  Pump Wind
turbine turbine

Figure 4. 2. Exergy analysis of the power plant at WT-GTCC

Table 4. 7. Exergy analysis for each component of WT- GTCC

| o | G | | R e
(%)
Air compressor 159.1 147.6 115 3.03 92.75
Combustion chamber 660.8 519.7 141.1 37.21 725
Gas turbine 519.7 165.7 20.58 5.42 94.19
HRSG 167.736 147.84 19.93 5.25 56.8
Steam turbine 28.24 7.471 1.436 0.37 93.1
Condenser 7.471 1.839 5.632 1.48 24.62
Pump 1.839 2.036 0.02242 0.006 89.77
Wind turbine 340.956 162 178.956 47.2 47.52
WT-GTCC 1885.837 | 1154.18 379.186 100 69.25
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2.8. RESULTS DISCUSSING AND IMPROVING

Figure 4.3-4.6 show the impact of wind velocity on the WT-GTCC and the GTCC's
performance. Figures 4.3 present that the Wnet of the WT-GTCC cycle is greater than
the Whet of the GTCC cycle due to the power produced by the wind turbine. It's also
clear from this figure that the Wyet of the GTCC cycle remains 193.38 MW while the
Whet of the WT-GTCC cycle increases from 194.675 to 473.353 MW as the wind

velocity increases from 2 to 12 m/s.

x 10°
500 —

450} / ]

—e—WT-GTCC °
—m—GTCC

Net work [MW]
a &
o o

250 o

o/

i ° h
2001 o &S—nm = m m = = n m m
1507 ey ]

2 4 6 8 10 12

Wind speed [m/s]

Figure 4. 3. Compares the work net of each WT-GTCC and GTCC cycle affected by
the wind velocity

Figure 4. 4 reveals the effect of the wind velocity on the nema Of both cycles. The
finding presents that the nwmemal Of the GTCC cycle doesn't affect by the change in wind
velocity because the Wret of the GTCC cycle remains constant. In contrast, the Nthemal
of the WT-GTCC enhances with the wind velocity increase because of the wind
turbine's power. When wind speed rises from 2 to 12 m/s, the WT-GTCC cycle's
thermal efficiency goes up to 96.48 percent, while the nemal for the GTCC cycle stays
constant at 39.42 percent, according to the graphs.
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Figure 4. 4. Compares the thermal efficiency of each WT-GTCC and GTCC cycle
affected by the wind velocity

Figure 4. 5 reveals the effect of the wind velocity on the mass flow rate of wind and
usable work for each unit of a wind turbine. According to the findings, the mass flow
rate of wind rises along with an increase in wind velocity due to a rise in the speed
across the blades. Also, usable work will increase due to the effect velocity directly in
usable work according to equation (3.8). The curves presented that the mass increases
from 31,309 to 187,854 kg/s with the rise of the wind velocity from 2 to 12 m/s, and
the usable work for each unit of a wind turbine in the cycle will increase from 0.02946
t0 6.363 MW.
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Figure 4. 5. Depicts wind velocity's effect on wind turbine useable energy and mass
flow rate.

Figure 4. 6 reveals the effect of the wind velocity on WT exergy efficiency and
maximum theoretical work. Figure 4.6 presents that the exergy efficiency drops when
wind speed increases because the quantity of kinetic energy that can be transferred to

productive work is reduced.

The results revealed that when the wind velocity increases from 2 to 12 m/s, the useful
work of wind turbine increase from 0.02946 to 6.363 MW, but theoretical work
increases from 0.047 to 13.432 MW. The increasing in the difference between useful
and theoretical works makes a reduction in the exergy efficiency of wind turbine. The
curves show that the wind turbine's exergy efficiency decreases from 62.73 to 47.37

percent.
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Figure 4. 6. Influence of wind velocity on WT's exergy efficiency and useful work.

Figure 4. 7 reveals the effect of the blade radius of the wind turbine on the Wnet of the
WT-GTCC cycle and the useful work of each wind turbine at wind velocity fixed at
10 m/s. The findings present that the Wne: of the WT-GTCC increase by increasing the
blade radius due to increasing the amount of useful work of each wind turbine unit due
to the rise in the surface of the wind turbine that picks the wind (radius blade of the
wind turbine). The curves presented that the Wpet increases from 289.25 MW to 438.81
MW for the WT-GTCC cycle, and the useful work of each wind turbine increases from
2.179 to 5.578 MW with the rise of the blade radius from 50 to 80 m.
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Figure 4. 7. Effect radius of wind turbine blades on useful work for wind turbine and
work net of WT-GTCC.
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PART 5

CONCLUSION AND RECOMMENDATION

5.1. CONCLUSION

This study purpose that it is conceivable to work on a wind-assisted combined power

plant using wind turbines and a combined cycle (Brayton + Rankine) to increase total

energy by roughly 45.2% by supplying compressor and pump power from wind turbine

energy.

It is preferable to concentrate on selecting wind turbines and gas turbine types since it

has a significant impact on net energy.

as shown in the findings, since can calculate required power for compressor and pump

159.318 MW, it can calculate critical wind velocity for a 44-unit wind turbine its 9.944

m/s may entirely cover the energy of the compressor and pump.

This study's key findings may be summarized as follows:

1.
2.

Rise wind velocity in the wind turbines improved the system's performance.
Thermal and energy analysis is the best design and performance evaluation tool
for generating energy.
Choosing the pressure rate for the compressor (GE.9E 03) was very appropriate,
as shown in the results and diagrams. There was an increase in the energy
produced when the pressure rate was increased.
Choosing the radius of blades 65 meters SWT-DD-130 Siemens was very
appropriate, as shown in the results and diagrams. More than this radius will
need a very high column to save blades from hitting the ground and make it
harder to manufacture.
The Whet of the WT-GTCC cycle is greater than the Whe: of the GTCC cycle due
to the power produced by the wind turbine.
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6. The work net produced by the GTCC is 193.38 MW, while it has 355.4 MW
for WT-GTCC when wind velocity is ten m/s for 44 wind turbine units

7. WT-GTCC is 355.4 MW, its thermal and exergy efficiencies were 71.89
percent and 68.72 percent, respectively.

8. The results showed that the maximum exergy losses occur in the wind turbine
and combustor chamber for WT-GTCC.

9. for the GTCC cycle, the nexerg and ntnermal are 37.68 percent and 39.42 percent,
respectively, but for the WT-GTCC cycle, they rise to 69.25 percent and 72.44
percent as a result of the addition of wind turbines to the cycle.

10. The Whet of the WT-GTCC increase by increasing the blade radius due to the
rise in the surface of the wind turbine that picks the wind (radius blade of the

wind turbine).

5.2. RECOMMENDATION

Some key concerns that were not addressed in the prior literature or this thesis
developed because of this study on wind turbines and combined cycles (Brayton and

Rankine), and they are relevant to this study and can be worked on in the future.

It is possible to know the critical speed that leads to saving the entire energy produced
from the gas and steam turbines because the amount of energy required for the
compressor and pump can be calculated through the equations (3.13), (3.48) and it is
decided to use 44-units of the wind turbine, so the critical speed is 9.944 meters per
second, therefore including this combination between the combined cycle (Brayton
and Rankine) and the wind turbine greatly improves the overall efficiency and the

amount of energy produced.
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