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CHAPTER 1
INTRODUCTION

This chapter will discuss the background and importance, objectives, scope, expected
benefits, and procedures for carrying out the key parameter that effect gas turbine overall
efficiency and related thermodynamic parameters for further engine analysis program , as
shown in the following section.

1.1 Background and importance

1.2 Objectives of the study

1.3 Scope of study

1.4 Expected benefits.

1.5 Operation procedures

1.6 Report outline

1.1 Background and importance

Gas turbines could play a main role in future power generation, addressing issues of producing
clean, efficient, and fuel-flexible electric power [1]. Gas turbines are the parts of the internal
combustion engine in which burning the air-fuel mixture produces hot gases to run the turbine
[2], producing power. Gas turbines are widely used for producing electricity, operating
airplanes, and various industrial applications. Due to the benefit, a gas turbine engine needs a
high amount of initial investment and maintenance cost due to its complex component parts
[3]; however, micro gas turbine technology comes into play from a large-scale gas turbine
powerplant to a smaller scale single combustion engine that can satisfy electricity energy
production [4] and various applications for smaller scale project as same as conventional gas

turbine engine.

This chapter introduces the Micro gas turbine, which offers several potential advantages
compared to other technologies for small-scale power generation [5], including compact size,
greater efficiency, lower emission, lower electricity cost, and opportunities to utilize waste
fuels [6]. The micro gas turbine engine efficiency may vary significantly due to factors such as
ambient temperature [7] and other related thermodynamic parameters. Studies have shown that
Oyedepo and Kilanko [8] studied the thermodynamic analysis of a gas turbine power plant

fitted with an evaporative cooler based in Nigeria. They concluded that power output increased



by 5-10% and thermal efficiency by around 2-5% on decreasing the inlet air temperature by
5°C. when operating micro gas turbines, leading to operated micro gas turbines in Thailand
with average climate temperature of around 30-34 °C depend on the region expected power
output would be near as in Nigeria because both countries are considered high-temperature
countries throughout the year, leading to engines that are designed for other countries' climate
zones with engines connected to output load conditions such as the electrical power generation
process, which might affect the overall engine efficiency and power production[9]. As
mentioned, in gas turbine ambient air problems, some studies have shown that introducing inlet
air cooling [10] with different cooling techniques can improve overall efficiency. Barakat et al.
[11] investigated the application of a to-air heat exchanger (EAHE) cooling system to enhance
a gas turbine power output. They noted that the EAHE inlet air cooling system helped to
increase the power output by 9%, real efficiency by 4.8%, and power production by a

significant amount.

However, other thermodynamic parameters may influence the efficiency and
effectiveness of micro gas turbines. In this case, all related parameters affecting overall engine
efficiency must be considered for an optimal operation point engine to gain expected overall
efficiency and power production. Usually, the initial investment cost to make a gas turbine is
considered a high-cost investment due to the high market price of engine components. That
said, this research will also consider the engine parts market price as one of the main

considerations.

1.2 Research objectives.

1.2.1 This research aims to investigate characteristic of combustion process due to related
thermodynamic parameters by using a computer coding for analysis tool to determine optimal
engine operation condition of a micro gas turbine engine.

1.2.2  This research aims to study combustion process from micro gas turbine engine from
turbocharger due to thermodynamic parameters including pressure and temperature for further

analysis.

1.3 Scope of research
1.3.1 Radial-in flow turbine blade form turbocharger automotive component.

1.3.2 Testing machine operated with no load condition.



1.3.3 Determine engine work output by gather related parameters including pressure and

temperature.

1.3.4. Using liquefied petroleum gas (LPG) to be engine fuel.

1.3.5 Using C# computer language to develop engine analysis program.

1.4 Expected benefits and application.

1.4.1 Prototype for micro gas turbine engine.

1.4.2 Gas turbine engine analysis program for further project analysis.

1.5 Operational procedures

The operational procedures of this research study are shown in Table 1.

Table 1.1 The research schedule

Task

Month | Month | Month | Month | Month | Month | Month
1 2 3 4 5 6 7
Sep. Oct. | Nov. | Dec. Jan. Feb. | Mar.

1. C# fundamental learning

d—

<

P

2. Develop engine analysis
program

A

3. Component Preparation and
testing

4. Testing engine set up

A

\4

5. Mock test with various main
components

A

6. Test and Collect data

\4

7. Report Preparation

\ 4

1.6 Report Outline

The rest of this report is organized as follows:

Chapter 2

reviews the literature and thermodynamic theories for gas turbine fundamental
working principle and it application.




Chapter 3 describes the development process and methodology of an engine analysis
program, in the other hand describes process of study the micro gas turbine
testing machine.

Chapter 4 discusses the data recorded, measurements, and observation. Chapter 5 closes
the report, reviewing the work undertaken and draws conclusions about key
parts of the work that was undertaken.

CHAPTER 2
REVIEW OF LITERATURE AND RELATED THEORY

This chapter discusses related flied research paper ( section 2.1 ) in order to be guideline
and reference for further step procedure and discuss about fundamental of how gas turbine
engine work ( section 2.3 ) with related gas turbine work principle with respect thermodynamic
subject due to engine working cycle ( section 2.2 ) and most importantly gas turbine main

components ( section 2.4 ).

2.1 Literature review

Thomas Baumgart (2001) [12] designed and built the engine. Small gas turbine using
parts of the turbocharger system (Turbocharger) Model 3K-WarnerKP31 which is a
turbocharger (Turbocharger) that is the smallest of today's automobiles Diameter of the
impeller of the compressor Only 33 millimeters and the diameter of the turbine is only 31
millimeters. The smallest possible gas turbine engine. By using the current turbine wheel as
components However, it may be too difficult to design an engine that uses an impeller of a
small compressor with maximum efficiency, but it can be used as an option to become a force

in the field. That's the electric current.

Chakkrin Chuayin, Thiwat Wetsaphan, Christmas Apinanthaporn; and Sinchai
Chinworarat[13] (2002) designed and create the parts and assemble them into a small gas
turbine engine.The design specified a driving force of approximately 60 newtons. But when
actually testing the machinelt was found that the driving force obtained was less than designed.
This is a result of the efficiency of the fuel pump.Quality of fuel and the efficiency of the

process is still not perfect



Payungsak Phiphat and Amphon Onnarat [14] (2002) designed and Build a gas
turbine engine that uses a mixture of LPG + N2 fuel, which will use the experimental results
obtained.Applied in the agricultural industry Taking into account the thermal efficiency
andFuel efficiency was the guiding principle in the design and construction of this prototype

gas turbine engine.

Chanan Chaisuk [15] (2007) designed and build a small gas turbine engine usingAir
compressor blade set and the turbine shaft from the turbocharger of the Nissan RB20
engine.5Used to create a small gas turbine engine. When assembled into a gas turbine engine,

it can Run the engine at idle speed and cannot accelerate the speed.

M. Fikri, M. Ridzuan, Hamidon Salleh [16 ](2016) development of low-cost micro
gas turbineengine, which is designed for the purposes of new electrical generation. to
evaluation the performance of the developed micro gas turbine. The test rig engine basically
was constructed using a Nissan 45V3 automotive turbocharger. The speed of the LP turbine
can be reached up to 35000 RPM and produced 18.5kw of mechanical power performance of

the developed.

M Usman Butt [17] (2019) made A low-cost micro turbojet made by using an
automobile turbocharger The fuel used is liquid petroleum gas (LPG). The maximum pressure
recorded in the combustion chamber was 11.5 psi and a pressure loss of about 4%. The

maximum rpm (revolutions per minute) of the engine ranged to 84000.

2.2 Related thermodynamic theories

Gas turbine engine It is a working engine that applies the principles and theory of the
Brayton cycle figure 1. The type that is suitable for use is the type that has. Combustion at
constant and continuous pressure includes an air compressor (air compressor), a combustion
chamber turbine set, and feeding equipment. Fuel because the shaft of the turbine (Turbine)
and the air compressor (Compressor) are the same, so the shaft from the turbine is used to
compress some of the air. However, most of the work will be exported to the shaft for use as

desired.



2 Pz; = (.Egnstan( 3

P‘, = Constant

A B
Figure 2.1 Brayton cycle A shown P-V diagram B shown T-S diagram.

From State 1 to State 2 the gas undergoes an isentropic, adiabatic compression. This process

increases the temperature, pressure, and density of the gas

From State 2 to State 3, heat is added at constant pressure. For a gas-turbine, heat is added

through a combustion process.

From State 3 to State 4 the gas passes through an adiabatic isentropic turbine which decreases

the temperature and pressure of the gas

From State 4 to State 1 It is a process of delivering heat at a constant pressure design. In this
process, exhaust gases that have undergone expansion are expelled into the atmosphere this
phenomenon occur only in opened system in the other hand For the closed Brayton cycle, heat

is removed from the gas between State 4 and State 1 via a heat exchanger.

2.3 Gas turbine working principle.

The gas turbine working principle in Figure 2.2 expresses that it will have pressure
when air is compressed through the compressed air unit. Furthermore, with higher speeding,
the speed is very high, so it must pass through a set to change speed to pressure; the speed
decreased. At the same time, fuel is injected and mixed with high-pressure air. The igniter will
ignite the fire and cause combustion. When the mixture is at high pressure, it will burn, and It
expands violently towards the rear of the engine through the NGV booster unit and is forced
into a collision with the wings of the turbine (Turbine), causing the turbine to rotate, which
causes the air compressor set on the shaft to The same thing is driven to rotate as well. The

rotation of the turbine is used to drive an air compressor and outputs at the same time.



Figure 2.2 Gas turbine schematic open system diagram

2.4 Gas turbine main components

A gas turbine engine consists of 3 main important parts as shown.

Compressor figure 2.3: are used to compress air or increase the pressure of air
entering the combustion chamber to rise or make the air mass large in a specified amount to
produce. Allow the mixture to ignite to expand fully and violently when ignition occurs. The

air is in the form of rotating fins mounted on a shaft, the same shaft as the turbine set.

Figure 2.3 Compressor from automotive part

Combustion chamber Figure 2.4: Characteristics of a combustion chamber generally
include a diffuser, casing, liner, and Swirler. After the compressed air leaves the air
compressor, it passes through a diffuser to reduce airspeed before entering the combustion
room by the casing. It is the outermost part that is covered to prevent heat. Come out to the
outside, including preventing air from leaking out to the outside because it is a sensitive part.

Pressure is different from the outside, which is the compressed air from an air compressor. A



bra (Liner) will be inside, which controls air distribution in chamber , it is to Keep it hot, so it
does not come out right in the casing directly because the undershirt is the part that is very

close to burning. Ultimately, it is necessary to make it with heat-resistant materials.

A B

Figure 2.4 D.1.Y Combustion chamber A shown chamber casing B shown liner inside
combustion chamber.

Turbine wheel Figure 2.5: It converts the energy generated from the expansion of hot gases,
which were burned in the chamber. The gas burns and then shoots through a turbine, which
changes thermal energy to kinetic energy caused by the movement of hot gas into mechanical
energy in the form of rotation. Air compressors and accessories assembled or installed on the
same shaft as the turbine will also be driven to rotate. As for the engine that uses power to

drive the shaft, leading power is generated.

Figure 2.5 Turbine wheel from automotive part



2.5 Chapter Summary

In this chapter briefly introduce to related field literature review ( section 2.1 ) and related
thermodynamic theories ( section 2.2 ) to be guidance and reference for further step procedure

of the research.

CHAPTER 3
METHODOLOGY

3.1 Introduction

In Chapter 2, we mentioned the gas turbine working cycle with the thermodynamic
theory Brayton cycle. Each stage of the cycle represents a point due to the engine process,
leading to the value of thermodynamic parameters, which can be considered. However, hand
solutions take a long period of time due to each stage containing various calculation steps,

leading to the development of a calculation program that can shorten the calculation period.

This chapter describes the development of a thermal analysis program for a gas turbine
engine using related thermodynamic formulas as the basis for consideration of gas turbine
engine stage by stage. The engine analysis program principle is to be an analyzing tool in terms
of related thermodynamic parameters that affect overall gas turbine engine operation, such as
the change in inlet temperature due to operating the gas turbine engine in various countries, the
change of turbine temperature due to material heat tolerance leading to a short period of
calculation time due to changing engine parts using the engine analysis program. Another part
of this chapter will gather raw data from the testing machine of a micro gas turbine engine
using automotive parts, including a compressor and turbine set with a DIY combustion
chamber, to study thermodynamic parameters, including pressure and temperature for engine

characteristics in the topic of how related parameter change over time and there utilize.

3.2 Engine analysis program

In this section will be only mentioned engine analysis program, the program itself is
consider as calculation program aims to shorten calculation period of gas turbine engine
efficiency and other components work output using thermodynamic theories and related

equation to be base consideration. Coding flow chart express in figure 3.1.
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Figure 3.1 Coding flow chart

According to Figure 3.1 coding flow chart, the program will require the user to input
necessary values due to the engine working principle, including ambient temperature,
atmospheric absolute pressure, pressure ratio between the inlet and outlet of both components,
including compressor and turbine, turbine inlet temperature, both compressor and turbine
isentropic efficiency. The coding calculation process follows, including thermodynamic
theories and equations. This section will be expressed in (section 3.2.1 ). The program will
include thermal efficiency, turbine and compressor work, and heat added to the combustor for

further engine analysis.

3.2.1 Coding calculation program procedure.
As mentioned in section 3.2 the coding calculation process express in twenty step
procedure using thermodynamic theories and equation [18] to be base reference for further

analysis. The coding calculation step procedure expresses as following.

Step 1: Store user input for all user input variable.

In first sept user required to input necessary value needed for further calculation coding

process. Needed necessary value express in table 3.1.

Table 3.1: User input necessary variables

Py Atmospheric absolute pressure.
R, Pressure ratio.
TIT Turbine inlet temperature.

Comisen | Compressor isentropic efficiency.

Turisen | Turbine isentropic efficiency.

T, Ambient temperature.
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Step 2: Store all look up table array.

In second step due to coding calculation most of the reference value according from A-17:
Ideal gas properties of air figure 3.2, leading to needed to import all the value from A-17 table
in coding process.

Figure 3.2 : A-17: Ideal gas properties of air, Thermodynamics: An Engineering Approach
(ST UNITS) (9 th, ISE) [18].

Step 3: Compute compressor delivered pressure ( P, ) .

According from user input variable pressure ratio and atmospheric absolute pressure can
determined the pressure delivered by compressor using equation 1. And store value for further
calculation.

P, = Ry* P (1)

Where P, and P; represent atmospheric absolute pressure, the pressure delivered by
compressor respectively and R, is pressure ratio between compressor inlet with respect outlet.



12

Step 4: Determine P,.; form ambient temperature.

According from user input variable ambient temperature ( K ) leading to determine relative
compressor inlet pressure ( P, ) from interpolation formula equation 2, look up routine figure
8 reference values form A-17: Ideal gas properties of air table figure 7.

Y= yi + (x —xp) L0 (2)

(2—x1)

Where y and x represent linear interpolation value, independent variable respectively and x;,
V1,X2,Y, represent value function at points.

Figure 3.3 : A-17 interpolation look up routine.

According from figure 3.3 after user input value the program will operate between two routes.
The first route that user input data match value in A-17 figure 3.3 table leading to output
variables as same as value in A-17 table, on the other hand second route when user input data
variables do not include in A-17 table program will begin interpolation look up routine using
equation 2 for calculate data output value.

Step 5: Determine specific enthalpy ambient air ( h; ) form ambient temperature.
According from user input variable ambient temperature ( K ) leading to determine Specific

Enthalpy ambient air ( h; ) from interpolation formula, look up routine reference values form
A-17: Ideal gas properties of air .
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Step 6: Determine dimensionless pressure P, .

To determine dimensionless pressure ( P,, ) needed two necessary values to compute using
equation 3 relation between relative pressure and pressure ratio.

R, = -~ (3)

Pryp

Where R, represent pressure ratio between compressor inlet and outlet pressure due to

phenomena happened while compressor operated isentropic compression is occur leading to
equation 3 P,; is numerator and dimensionless pressure (P,,) is denominator.

Step 7: Determine isentropic compressed air temperature ( T ) from dimensionless pressure.

According to dimensionless pressure ( P,, ) from step 6 leading to determine isentropic
compressed air temperature ( T, ) from A-17 interpolation look up routine.

Step 8: Determine isentropic compressed air enthalpy ( h, ) from isentropic compressed air
temperature.

According to isentropic compressed air temperature ( T ) from step 7 leading to determine
isentropic compressed air enthalpy ( h,, )from A-17 interpolation look up routine.

Step 9: Determine actual compressed air enthalpy ( h,, ) .

To determine actual compressed air enthalpy needed three necessary values to compute using
equation 4 relation between enthalpy and compressor isentropic efficiency.

hoa = (22521 ) + hy (4)

Comisen

Where h,, , h,g represent actual compressed air enthalpy and isentropic compressed air
enthalpy respectively. h; , Comisen represent specific enthalpy ambient air and Comisen
represent compressor isentropic efficiency from user input variables.

Step 10: Determine turbine inlet air enthalpy ( hs ) .
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According from first step user input variables turbine inlet temperature ( TIT ) can be utilize
due to A-17 interpolation look up routine leading to output data turbine inlet air enthalpy

( h3).

Step 11: Determine relative pressure at turbine inlet ( P35 ) .

According from first step user input variables turbine inlet temperature ( TIT ) can be utilize
due to A-17 interpolation look up routine leading to output data relative pressure at turbine
inlet (P53 ).

Step 12: Determine heat input to combustion chamber ( Q;;, ) .

Heat input to combustion chamber can determine by enthalpy relation between turbine inlet air
enthalpy and actual compressed air enthalpy equation 5.

Qin = hg — hy, (5)

Where Q;,, represent heat input to combustion chamber and both enthalpy values represent
turbine inlet air enthalpy, actual compressed air enthalpy respectively.

Step 13: Determine relative pressure at turbine outlet ( Py, ) .

To determine relative pressure at turbine outlet needed two necessary values to compute using
equation 6 relation between relative pressure and pressure ratio.

_ Pry
Rp— Py (6)

Where R, represent pressure ratio between turbine inlet and outlet pressure due to phenomena

happened while turbine operated isentropic expansion is occur leading to equation 3 relative
pressure at turbine outlet (P,,) is numerator and relative pressure at turbine inlet ( P,z ) is
denominator.

Step 14: Determine isentropic expanded air enthalpy ( h,s ).

According to dimensionless pressure ( P,, ) from step 13 leading to determine isentropic
expanded air enthalpy ( hy, ) from A-17 interpolation look up routine.

Step 15: Determine isentropic turbine exhaust temperature ( Ty ).
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According to dimensionless pressure ( P,, ) from step 13 leading to determine isentropic
turbine exhaust temperature ( T,; ) from A-17 interpolation look up routine.

Step 16: Determine actual expanded air enthalpy (hy, ).

Actual expanded air enthalpy can be determine using relation between enthalpy values and first
step user input turbine isentropic efficiency equation 7.

hyq = h3 — ((h3 — hys) X Turisen ) (7)

Where h,, , h,s represent actual and isentropic expanded air enthalpy with an turbine inlet air
enthalpy ( hs ) and first step user input variable turbine isentropic efficiency ( Turisen).

Step 17: Determine actual turbine exhaust temperature ( Ty, ).

According to actual expanded air enthalpy ( h,, ). from step 16 leading to determine actual
turbine exhaust temperature ( T,, ) from A-17 interpolation look up routine.

Step 18: Determine work delivered by compressor ( W, ).

To determine work delivered by compressor needed two necessary values specific enthalpy

ambient air and actual compressed air enthalpy using relation between enthalpy values equation
8.

We = hyqg— hy (8)

Where W, represent work delivered by compressor both enthalpy values h,, , h; represent
actual compressed air enthalpy and specific enthalpy ambient air.

Step 19: Determine work delivered by turbine ( Wy ).

To determine work delivered by turbine needed two necessary values turbine inlet air enthalpy
and actual expanded air enthalpy using relation between enthalpy values equation 9.

Wr = h3 — hy, (9)
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Where W, represent work delivered by turbine both enthalpy values h,, , h; represent actual
expanded air enthalpy and turbine inlet air enthalpy.

Step 20: Determine thermal efficiency (1, ).

To determine thermal efficiency needed three necessary values between work delivered by
compressor and work delivered by turbine relation with heat input to combustion chamber
equation 10.

Mo = (5= ) x 100 (10)

Where 7, represent thermal efficiency both W, , W, represent work delivered by turbine and
compressor respectively, Q;;,, value represent heat input to the combustion chamber.

Lastly coding output will express more in detail in chapter 4 experimental details.

3.3 Study of micro gas turbine engine.

This section will gather data from the testing machine, a micro gas turbine engine
Figure 9 converted from an automotive turbocharger part; the reason for choosing an
automotive turbocharger part and converting it to a gas turbine engine is that the turbocharger
also shares main components ( section 2.4 ) in order to make a gas turbine engine most
importantly the turbocharger is an easy to access part in the automotive market also market
price significantly low when compared with actual compressor and turbine made for actual gas
turbine due to this research is cost-effective as much as possible therefore, automotive

turbocharger part is justified.

Figure 3.4 : Micro gas turbine form turbocharger
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According to Figure 9, the main engine components are pointed to a yellow box,
including a D.I.Y. combustion chamber connected with a turbocharger set representing
compressor and turbine with two types of cooling: water cooling for turbine housing and oil
cooling for bearings and all electronics devices supplied by a 24 V battery. This testing engine
uses L.P.G. as fuel. With a thermocouple temperature sensor and pressure sensor using a gauge
meter for observation, figure 10 connects the main engine while operating to observe output

data for further analysis.

Figure 3.5 : Pressure and temperature senor

According to Figure 3.5, the pressure sensor is indicated as large yellow boxes. The
temperature sensor is indicated as smaller yellow boxes, and the pressure sensor uses a gauge
meter to represent the measurement device to observe pressure at stages 2 and 3 while operating
the engine. On the other hand, for the temperature sensor, a thermocouple sensor plug-in is
used at every engine stage, and data is forwarded out to the data logger ( MEMORY
HiLOGGER LR8431-20 ) Figure 3.6 for observation. Lastly, another measurement detail can
determine the air flow rate throughout the engine by using the velocity meter Figure 3.7 for

further data analysis.

Figure 3.6 : data logger (MEMORY HiLOGGER LR8431-20) Figure 3.7 : velocity meter
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CHAPTER 4
EXPERIMENTAL RESULT

4.1 Introduction

Chapter 3 mentioned two methodologies, including developing an engine analysis
program and studying micro gas turbines from automotive turbochargers. This chapter will
mention the engine analysis program output data details and output data gathered from micro
gas turbines from automotive turbocharger parts. The first results of the engine analysis
program are summarized in the section, and the second result from the study of micro gas

turbines from the automotive is summarized in the section.

4.2 Engine analysis program summary

Engine analysis program is designed for gas turbine engines that connect to load output,
meaning in order to observe output data mentioned in chapter 3 ( section 3.2 ), one of the most
crucial output parameters, thermal efficiency, can be observed under load conditions however,
for no load condition, gas turbine engine mainly focus on work delivered by both compressor
and turbine for further work utilize also beneficial form engine analysis program. The output
data of the engine analysis program will be expressed as follows: heat addition from the

combustor, work delivered by the turbine and compressor, and thermal efficiency, respectively.

4.2.1 Heat addition

In this section will show the result output data parameter heat addition from the
combustion chamber. Figure 4.1 can be determined by equation 5 (section 3.2.1 ); the heat
addition process happened from stage 2 to stage 3 while engine operating heat is added at

constant pressure to the gas to prepare for the expansion process in the further engine stage.

700

(o)
S
S

Heat addition ( KJ )
N DN
S S

300 L L L L L
2 4 6 8 10 12 14

Pressure Ratio

Figure 4.1 : Heat addition to combustion chamber
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To output heat addition from combustor data according from chapter 3( section 3.2.1 ) initial

user input variables table 4.1 to be user input variable for first step for demonstration.

Table 4.1: initial user input values

Atmospheric absolute pressure (P;) 101,235 Pa
Pressure ratio (R, ) 1-13
Turbine inlet temperature ( TIT ) 1273.15 K
Compressor isentropic efficiency (Comisen) | (.8

Turbine isentropic efficiency (Turisen) 0.8

Ambient temperature ( T; ) 308.15K

Where pressure ratio operated between 1 to 13 reasons behind is increasing pressure ratio due
to the overall trend reversal occur. Turbine inlet temperature number related with heat
durability of turbine material and both compressor and turbine isentropic efficiency base on

thermodynamic textbook [10].

Figure 4.1 shows a strong downtrend, which is shown as a graphical result. This downtrend
occurs because, according to the Brayton cycle, the heat addition stage happens in stages 2 to
3. The higher the pressure ratio, the less room for heat to generate, and therefore, the higher
the pressure ratio, the less necessary heat is delivered to the system, leading to a strong

downtrend.

4.2.2 Net shaft work

In this section will show result output data network ( work delivered by turbine subtract
by work use by compressor ) or net shaft work figure 4.2 can determined by equation 20

(section 3.2.1 ) using only numerator parts.
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Figure 4.2 : Net shaft work.
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To output work delivered by turbine and compressor from combustor data according
from first step ( section 3.2.1 ) initial user input variables table 4.1 to be user input variable for

first step for demonstration.

According to Figure 4.2, the trend x-axis represents the pressure ratio, with the y-axis
representing the net shaft work the overall trend line shows an optimal peak of net work done
by the compressor and turbine with an approximate pressure ratio of around 4; after the point,
the trend is reversed from this information, the engine analysis program can determine the
actual optimal point of net shaft work leading to consideration to be the optimal point for an
engine to operate however optimal engine point is due to various related internal and external

parameters the engine analysis program is a tool for consideration process.

4.2.3 Thermal efficiency

This section will show the result output data parameter thermal efficiency. Figure 4.3
can be determined by equation 20 (section 3.2.1 ). Thermal efficiency results can occur only
when the engine is connected to external load conditions; thermal efficiency value is the
relation between the heat addition process and net work done by both turbine and compressor.
Thermal efficiency plays the leading role in how the system will justify profits or else due to
the net work done by both compressor and turbine is the mechanical work that the operator will
receive; on the other hand, heat addition to the combustion chamber from a combustor is where
operator needed to be supplied work to the system. If the more significant operator receives

more justified profit, the project will be.
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Figure 4.3 : Thermal efficiency
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To output thermal efficiency data according from first step ( section 3.2.1 ) initial user

input variables table 4.1 to be user input variable for first step for demonstration

According to Figure 4.3, the trend x-axis represents the pressure ratio, while the y-axis
represents thermal efficiency. The overall trend line increases at the peak value, known as the
engine operation optimal point; however, the engine does not need to operate at optimal due to
other external factors. After peaking at the optimal point, the trend line is reversed. The trend
line reversal occurs by increasing the pressure ratio, leading to a lesser heat addition gap

process. This phenomenon significantly affects thermal efficiency drop.

4.2.4 Effect of turbine inlet temperatures

The main consideration of the engine analysis program is shortening the calculation
time, this scenario according from the testing machine micro gas turbine from automotive
turbocharger parts nowadays there are various choice to choose for turbocharger, the engine
analysis program can determine various of best optimal point due to the change of components

Figure 4.4.
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Figure 4.4 : Comparison among turbocharger sets

To output thermal efficiency data according from first step ( section 3.2.1 ) initial user
input variables table 4.1 to be user input variable for first step for demonstration in additionally
the comparison with 3 turbocharge sets with specific turbine inlet temperature of each part.
Result shown each performance curve due to their components with various best engine

operation optimal point to be consideration.
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Figure 4.4 shows the variations of thermal efficiency with compression ratio at constant
TIT. It can be seen that efficiency increases with compression pressure ratio up to certain value
and then becomes almost constant for a fixed turbine inlet temperature. In some cases, a

decrease in efficiency is also observed.

4.3 Study of micro gas turbine engine summary

In chapter 3 mentioned measurement method to observe related thermodynamic parameter
including pressure table 4.2 and temperature table 4.3 express as following.

Table 4.2: Pressure testing result

Py P, Ps P,

1 atm 1.5 bar 1.4 bar 1 atm

According to Table 4.2, testing pressure data was gathered for pressure sensors at stages
2 and 3. On the other hand, pressure at stages 1 and 4 are considered as pressure for ambient
entering the compressor inlet, but pressure at stage 4 leads out to the environment due to the
testing machine being under no-load condition; therefore, pressure at stage 4 value is most
likely approximate around 1 atm. From stage 2 to stage 3, the pressure from the compressor
leads through the combustion chamber and before entering the turbine inlet; the reason behind
this significant pressure drops, most likely from the combustion process in the chamber or

related internal parameters, might also affect this pressure drop.

Table 4.3: Temperature testing result
T; T, 15 T,

37°C 49 °C 1000 °C 383 °C

According to Table 4.3, testing temperature data is gathered from temperature sensors
throughout the engine stage. At stage 1, the ambient temperature depends on the climate zone
that the engine is in; in this case, Thailand, the temperature at first is approximately around 37
°C As the data in the table from stage 1 to stage the temperature increases the significant amount

due to compression process resulting temperature increasing however from stage 2 to stage can
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spot a vast increasing gap from 49 °C to 1000 °C due to the compressed gas goes through heat
addition process in the combustion chamber leading hot gas ready for the following step
procedure before entering the turbine noted that hot gas from combustion chamber needed to
add heat at the calculated amount due to if too much proportion. After the heat addition process
for the combustion chamber, hot gas is ready to enter the turbine in order to go through an
expansion process from the turbine leading to the turbine wheel turning, to produce machinal
energy to drive the shaft for power production and other utilize under load conditions, in
additional no load conditions as the testing machine is under no load condition meaning output
power mostly likely came out as kinetic energy or in the form of hot gas both of the terms can
be utilized such as for kinetic most commonly used to drive a machine in the other hand hot
gas or hot air can be utilized by using as boiler heating source to drive another steam turbine

engine, etc.

From table 4.2 testing pressure data with a measurement device velocity meter figure
3.7, the data from both sources are enough to determine engine best optimal point to operate

by using compressor performance map figure 4.4 for analysis process.

Figure 4.5 : Compressor performance map

According from testing engine result can obtain compressor operating point represent
by red dot in Figure 4.5 at Pressure ratio from compressor pressure approximate around 1.5

and air volume flow rate from velocity meter is approximate around 0.08 m3/s.
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CHAPTER S
CONCLUSION

This chapter will discuss the summary of the experimental results and suggestions for
improving the engine analysis program and the study of micro gas turbine, which is shown in

the following topics.

5.1 Summary of engine analysis program results
5.2 Suggestions for engine analysis program
5.3 Summary of study micro gas turbine from turbocharger results

5.4 Suggestions for study micro gas turbine from turbocharger

5.1 Summary of engine analysis program results

This section will summarize the results of the engine analysis program. One of the main
reasons to develop this engine analysis program using C# computer language to be base
consideration, according to the coding flow chart ( section 3.2 ) figure 3.1, the calculation step
procedure contains twenty steps of calculation by the hand leading to determining the result
take a long period to compute each step by hand one by one. Therefore, the program was
developed with six necessary user input variables required by the program. The rest of the step
lets the computer compute the result. This engine analysis program includes heat addition to
the combustion chamber, whether for combustor or other heat addition to system method, the
network delivered by turbine and compressor, and, most importantly, thermal efficiency. The
engine analysis program can show precise results based on thermodynamic equations and
related theories. The program can determine the engine operation point to the best possible
engine operation point to be a reference for the design of a gas turbine engine that should be
operated at that point. From this point of view, the engine analysis program can be used as a
reverse engineering tool to determine the solution to any problem related to thermodynamic
and gas turbine engine equations, etc. The engine's best optimal point to operate can be
expressed in various including the amount proportion of heat addition process to keep the
country of the process leading to lesser heat cost another condition is determine net work done
by turbine and compressor that in best optimal point that engine should produce to gain benefit

and profit from the engine. Leading to the most important parameter, thermal efficiency, if the
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operator can control the main affect parameter of thermal efficiency, including heat added to
the combustion chamber and net work done by both turbine and compressor, that the best

possible thermal efficiency that the engine should be doing.

5.2 Suggestions for engine analysis program

This section will mention room for improvement in developing an engine analysis
program. Firstly, the program itself is designed for only gas turbines that are connected to
external load conditions in order to observe thermal efficiency and other related parameters
connected to load is non-negotiated; however, for no-load condition gas turbine engines instead
of most of the work used to drive usually no load condition the power output in form kinetic
energy hot gas or air, therefore not only kinetic energy can be further utilized also hot gas due

to yet engine analysis program does not provide any this form of thermal analysis.

5.3 Summary of study micro gas turbine from turbocharger results

This section will summarize the result of the study of a micro gas turbine from
automotive turbocharger parts under no load condition; therefore, thermal efficiency is not
included due to not being connected with external load, leading to the work output for no-load
condition categories as kinetic energy and in the form of thermal energy to the environment
whether not utilize or not. According to Table 4.2, testing pressure data gathered for pressure
senor at stages 2 and 3 with results 1.5 bar and 1.4 bar, respectively the significant pressure
drop occur by air pass through liner hole, depend on number and size of linear holes in the
chamber. In the other hand pressure at stage 1 and 4 consider as pressure for ambient enter the
compressor inlet and leaving to environment respectively most likely approximate around 1
atm for both stages. According to Table 4.3, testing temperature data is gathered from
temperature sensors throughout the engine stage. At stage 1, the ambient temperature depends
on the climate zone of the engine; in this case, Thailand, the temperature at first is around 37
°C. In the data in the table from stage 1 to stage, the temperature increases significantly amount
due to the compression process, resulting in the temperature increasing however, from stage 2
to stage can spot a vast increasing gap from 49 °C to 1000 °C due to the compressed gas going
through a heat addition process in the combustion chamber, leading hot gas ready for the
following step procedure before entering the turbine noted that hot gas from combustion

chamber needed to add heat at calculated amount due to if too much proportion of heat added
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highly affect the turbine parts due to material heat tolerance. After the heat addition process for
the combustion chamber, hot gas is ready to enter the turbine in order to go through an
expansion process from the turbine leading to the turbine wheel turning, to produce machinal
energy to drive the shaft for power production and other utilize under load conditions, in
additional no load conditions as the testing machine is under no load condition meaning output
power mostly likely came out as kinetic energy or in the form of hot gas both of the terms can
be utilized such as for kinetic most commonly used to drive a machine in the other hand hot
gas or hot air can be utilized by using as boiler heating source to drive another steam turbine
engine, etc. From Table 4.2 testing pressure data with a measurement device velocity meter,
the data from both sources are enough to determine the engine's operating point using the
compressor performance map Figure 4.4 for the analysis process. From testing engine results,
we can obtain the compressor operating point at the Pressure ratio from compressor pressure
of approximately 1.5, and the air volume flow rate from the velocity meter is approximately
0.08 m3/s. Equation 8 ( section 3.2.1 ) determines the kinetic work because the engine
operated under no load condition, which leads to work delivered by the turbine is most likely

equal to work delivered by the compressor.

5.4 Suggestions for study micro gas turbine from turbocharger

In this section, we will mention room for improvement in the development of a micro gas
turbine from an automotive turbocharger. The engine operates under no load, but if connected
to an external source, the experiment will be able to observe the thermal efficiency parameter,
leading to the possibility that if the micro gas turbine from an automotive turbocharger testing
machine operates under load condition, it will be able to use the engine analysis program for

further analysis.
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