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ABSTRACT

The global energy demand has been increasing over the years and is still expected
to increase by 25% in 2040. The rise in demand is being accelerated by economic
growth and industrialization of developing countries in Africa and also due to the
projected global population increase to 9 billion by 2040. Fossil fuels have been
the major source of global energy. By the end of 20th century they accounted for
85% of the total energy consumed. Combustion of the fossil fuels to run machines
productes greenhouse gases. Hence there is need for clean, cheap and reliable source
of energy to meet the rise in demand. Coal is a cheap, dirty source of energy that is
currently used to generate 41.5% of the world electricity and to meet 26.5% of global
primary energy needs. Technologies have been developed to reduce emissions from
coal power plants such as flue gas scrabing, clean coal, and the use of alternative
fuel like natural gas. Clean coal technologies include; pressurized fluidized bed
combustion, Integrated Gasification Combined Cycle (IGCC),carbon capture and
storage. Fluidized bed combustion have reduced emissions but it is difficult to fluidize
fine particles while further studies are still being done on coal gasification. Kenya
discovered 400 million tonnes of coal ranging from lignite to sub-bituminous having
calorific values between 16 and 27 MJ/kg in Mui Basin Kitui county. Construction
of coal power plants is underway in Kenya and hence studies are needed on clean
and efficient utilization of the available resource. Research on gasification of the coal
to produce syngas has already been done. The current research is on simulation of
syngas combustion gases expansion in a gas turbine rotor. The main objective of
this study was to develop a numerical model for simulation of syngas expansion in a
gas turbine utilizing mui basin coal. To achieve this a gas turbine rotor model was
developed and Computational fluid dynamics (CFD) software was used to simulate
the flow. Syngas used was from gasification of lignite coal while simulation fluid was
combustion gases of hydrogen and carbon monoxide. The rotational speed, pressure
ratio and inlet temperature of turbine were varied while performance of the rotor was
being recorded. Results of this study showed that efficiency increased with increase
in pressure ratio, rotational speed and inlet temperature up to maximum then started
to decrease. Power was directly proportional to temperature and rotational speed
while it was inversely to pressure ratio. The maximum efficiency of 92.7% and power
of 2.5 kW was attained at rotational speed of 10,000 rpm, pressure ratio of 10, and
inlet temperature of 900 K.

xv



CHAPTER ONE

INTRODUCTION

1.1 Background

The global energy demand has been on a steady rise and this increase is expected to

be more rapid as economies grow. The energy demand is expected to rise by 3.5%

per year to 2040. This is due to the projected global growth of population to 9 billion

2040 and also due to the expected icrease in Gross domestic product (GDP)(Spencer,

2019). Clean, efficient, affordable and reliable energy services is crucial for global

prosperity (AGECC, 2010).

Energy is a priority in Kenya so as to achieve Vision 2030 which aims at making

the country a middle income economy and start new industries and offer citizens

quality life (Boulle, 2019). As at 2015 the electricity demand was at 1,600 MW and

it was projected be 10,000 MW by 2035 (Lahmeyer International, 2016). The rise in

demand will be as a result of population growth and increased connectivity (dubbed

last mile connection) as the government of Kenya seeks have 100% access to power

by 2023 (of Kenya, 2018).

Developing economies like Kenya need modern energy services to increase

productivity and promote economic growth (AGECC, 2010). Gas turbines are

preferred for power generation globally due to their high cycle efficiency, less

installation time and reduced NOx and CO2 emissions (Bhargava, Bianchi, De

Pascale, Negri di Montenegro, & Peretto, 2007). The current gas turbine efficiency is

40% and advancement in technologies are expected to make it 75% (T. K. Ibrahim,

Mohammed, Al Doori, Al-Sammarraie, & Basrawi, 2019).
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1.2 Gas Turbine Fuels

When gas turbines started being used a variety of fuels were used to fire them. The

heating value of the fuel affects flow rate and blade area. Gas turbines can be fired

with a variety of fuels; solid, liquid and even gas. The diversity in fuels make gas

turbines useful for many purposes. The use of syngas from biomass, municipal waste

and coal is making the gas turbine useful in recycling waste and hence being more

environmental friendly (Indrawan, Kumar, Moliere, Sallam, & Huhnke, 2020).

Fossil fuels which include liquid fuels, natural gas and coal currently dominate the

global energy supply by over 84% (BP, 2020). The calorific value of natural gas,

crude oil and coal is 50 GJ/tonne, 45 GJ/tonne and 30 GJ/tonne respectively (Self,

Reddy, & Rosen, 2012). Petroleum based fuels are still the world largest source

of energy at 36% (Spencer, 2019). But the rising oil prices have led to the use of

energy efficient technologies like hybrid and electric cars resulting in high demand

for electricity. Natural gas use continues to rise at the rate of 2% per year, due to

the abundance in supply and the less emission during use (BP, 2020).

Combustion of coal in gas turbine started as early as the invention of the industrial

gas turbine. Since then, coal continues to be the largest single fuel for world’s

electricity at 36% and for global primary energy needs at 27% (BP, 2020). Coal is

the main source of energy in India and Greater Southeast Asia and the consumption

grows by 3% per year and it is expected to account for 35% of world’s demand by

2050 (Energy Information Administration, 2022). The modern Rankine cycle power

plants use coal as a source of heat to produce power and have an efficiency of 42% and

the older ones 35%-40% (I. B. Matveev, 2011). Coal is the most carbon intense fossil

fuel and has the lowest calorific value, hence producing the highest CO2 emission per

unit of thermal energy (Self et al., 2012). Low efficiency and high level of pollution

in coal-fired power plants has led to alternative uses of coal such as gasified syngas

in gas turbines (I. B. Matveev, 2011). Coal is converted to syngas and used in gas

2



turbines for power production.

In 2007 Kenya discovered 400 million tonnes of coal reserves in the Mui Basin (Boulle,

2019). After analysis the coal ranged in ranking from lignite to sub-bituminous with

calorific values ranging between 16 and 27 MJ/kg in Mui Basin Kitui county (and

Petroleum, 2015), (Nzove, 2021). The Kenyan government has proposed construction

of two coal power plant 1050 MW at Lamu and another 960 MW in Kitui near the

Mui Basin. Lamu plant will use pulverized coal from South Africa and later the Mui

Basin coal when mining will start (Power & Limited, 2016). The Lamu coal power

plant construction has stalled due to pollution concerns from the residents(Bwana,

2021).

The high carbon emissions from the combustion of coal have led to development

of flue gas scraping and clean coal technologie which remove carbon dioxide. In

the flue gas scraping the flue gases are passed through processes that remove the

particulate matter like filters and then the carbon is absorbed through some solutions.

Clean coal technologies include; pressurized fluidized bed combustion, Integrated

Gasification Combined Cycle (IGCC), carbon capture and storage (Self et al., 2012).

In gasification the coal is pre-combusted to produce syngas and the carbon dioxide is

captured, the remaining gas is combusted to produce energy. The use of integrated

gasification combined cycle is being used in trial stages but it is very promising

(Spliethoff, 2010).

1.3 Problem Statement

Energy is a key driver of global economic development and it is mainly utilized

in transport, industry and households. The industrial sector has been the leading

consumer of energy for a long time since 1971. The residential and commercial

buildings consume 31% of the total delivered energy consumed worldwide as at 2014

(IEA, 2015). The residential energy consumption is estimated to increase at an

3



annual average of 1.4% while the commercial one is estimated to increase at an

annual average rate of 1.6% from 2012 to 2040 (IEA, 2015). As at December 2019 the

installed capacity of power in Kenya was at 2,929 MW. The energy mix comprises of;

hydro 29%, geothermal 28%, thermal 26%, Wind 11%, Solar 3% and Bioenergy 3%

(Takase, Kipkoech, & Essandoh, 2021). Hydro power forms the highest percentage

yet it is unreliable due to low water levels in the dams during dry season. Thermal

power plants are used as back up power during the peak hours and dry seasons hence

the high cost of fuel is reflected as fuel levy in electricity bill. The cost of drilling

one geothermal well is on average 3 million US dollars meaning that despite their

contribution to the energy mix costs for projects are 13 US cents per kWh. Coal as

a source of power generation is yet to be fully explored in Kenya (Ngugi, 2012).

Coal generates over 40% of the world electricity but its utilization has been affected

by its impact on environment(Self et al., 2012). Coal combustion causes the highest

emissions when compared to other fossil fuels. Clean coal technologies like pulverized

coal, flue gas treatment and fluidized bed combustion have reduced emissions but

it is difficult to fluidize fine particles (Jamshidi & Mazzei, 2018). Coal gasification

reduces emission of pollutants to the environment and is one mechanism of clean

coal utilization that require further study(Hagos, Aziz, & Sulaiman, 2014).

Most of the existing gas turbines are manufactured specifically to burn standard fuels

like natural gas and light diesel fuel (Joo, Kim, Park, & Seo, 2016) (Xuelei, Songling,

Haiping, & Lanxin, 2010). Liu et al. (Liu & Weng, 2009) studied the effects of low

heating value fuel on the operations of micro-gas turbine using Matlab/Simulink

software. The findings were that adjusting compression ratio and turbine inlet

temperature lowered power output and efficiency. Joo et al. (Joo et al., 2016)

studied the performance analysis of gas turbine for large-scale IGCC power plant

using GateCycle software. The findings were that when running a natural gas turbine

using syngas there was a limit in the power output at 230 MW and it was below

capacity of pulverised coal which was 1000 MW. Research is needed to determine
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maximum power and efficiency of a syngas gas turbine which can be used when

deciding on the proposed Kitui and Lamu coal power plants.

1.4 Objectives

The main objective of this research was to develop a numerical model for simulation

of syngas expansion in a gas turbine utilizing Mui basin lignite coal. This was

achieved via the following specific objectives;

• To develop a validated model for performance simulation of syngas combustion

gases expansion in a gas turbine

• To evaluate the influence of pressure ratio on syngas gas turbine efficiency.

• To evaluate rotational speed and inlet temperature variation on performance

of the turbine

1.5 Justification

Energy is essential for the growth of the economy all over the world. In the vision

2030 Kenya requires energy for its social and economical transformation (Republic

of Kenya, 2014). Carbon taxes had been imposed as of mid 2015 covering 12% of

the global energy related CO2 emissions the aim is to have them at zero by 2060

(Rogelj, Smith, & Yu, 2021). These taxes have made Kenya to intensify and expand

utilization of sustainable energy sources that have low carbon emissions.

The discovery of coal in Kenya led to construct plans of a pulverized coal power

plant which has been halted due to emission concerns (Bwana, 2021). Combustion

of coal produces large quantities of carbon emissions hence gasifications helps to

reduce them by incorporating capture and storage technology. This research sought

to develop a clean method of producing power using coal. A gas turbine rotor model
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was developed and syngas combustion gases expanded though it to determine the

power and efficiency of the system.

1.6 Outline of Thesis

This thesis has five chapters. The current chapter is introduction to the research

which presents a general overview of the existing problem related to energy crisis and

coal use. Existing literature review on coal gasification, gas turbine advancements

and syngas turbine rotor design is highlighted in Chapter 2. Modeling of axial flow

gas turbine rotor, governing equations and CFD modeling are outlined in Chapter 3.

Results of influence speed, temperature and pressure ratio on the efficiency, power

and torque are discussed in Chapter 4. Chapter 5 has conclusions derived from

the determined performance parameters and recommendations for further work on

syngas turbine optimization.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Overview

A rise in global energy demand has led to increased utilization of fossil fuels such as

coal and petroleum. This has in turn led to the search for alternative and cleaner

sources of energy. Coal emissions has led to research on gasification to generate

syngas for use in gas turbines to produce power efficiently. This chapter presents

historical development of gas turbines including concepts and theories that have been

explored in a bid to improve their performance, findings of previous researchers and

the gaps from their work that require further interventions.

2.2 History of Gas turbines

The first gas turbine was patented by John Barber in 1791 and it had most of of

modern day gas turbines elements (Bathie, 1996). Barber’s invention shown in Figure

2.1, opened way for other inventors who made efforts to improve the gas turbine.

He designed it to power a horseless carriage. The challenge was that the gas turbine

could not generate sufficient power to run its components and other systems (Bathie,

1996), (Meher-Homji, 2000).

The first industrial gas turbine used for power generation was built by Brown Boveri

in 1939. It had a capacity of 4 MW and was used for running an emergency power

station in Neuchâtel, Switzerland (ASME, 2007). The challenge was efficiency of

18% caused by low inlet temperature of 773 K.

The gas turbines performance is continuously being improved to increase their

7



Figure 2.1: John barber’s gas turbine (Bathie, 1996)

efficiency, power output, reduce their emissions, reduce fuel consumption and increase

the life cycle. Thermal efficiency and blade lifespan can be increased by increased

inlet temperature, blade cooling and an optimum blade clearance. These factors are

explored in the following section.

2.3 Types of Turbines

Gas turbines are classified according to their function, cycle and also configuration.

The major types according to function are: Jet engines; they are used to produce

thrust force through the exhaust gas, auxiliar power units; are small gas turbines

used to run larger machines, industrial gas turbines for electricity generation; they

are used to generate electricity and to recover residual energy and they have a

thermal efficiency of 30%, industrial gas turbines for mechanical drive; they are

used in conjunction with other machines, Turboshaft engine; they are used to

drive compressors and they are used in most modern helicopters, vehicle turbo

chargers; they are small electricity generators from burning gaseous and liquid fuels

to create high speed rotation with an efficiency of 25 to 35% (Almarzooq, 2014). The
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classification according to cycle are; open cycle in which exhaust gas is released to

the environment, and closed cycle in which the exhaust gas is passed through a heat

recovery system where steam is generated and used to run a steam turbine hence a

higher efficiency (Weston, 2000). The classification according to configuration has

two types namely; radial flow turbines in which the flow is along the radius and axial

flow turbines in which flow is along the axis of rotation (Gorla & Khan, 2003).

2.3.1 Axial Flow Turbines

The axial flow turbine can have one or more stages, each consisting of a stationary

nozzle and a rotor. The turbine extracts kinetic energy of the expanding gases from

the burner and converts it into shaft power to drive the compressor and different

engine accessories depending on the application. Blade notation for ideal axial flow

turbine is shown in Figure 2.2. A key feature of these turbines is that the fluid

enters at the leading edge and leaves at the trailing edge at an angle tangent to the

camber line (as shown in the Figure 2.2) (Guédez, 2011). The axial flow turbines

are preferred to radial flow ones because they can be used for incompressible fluids,

have higher efficiency for high power range above 5 MW and they have a high work

factor hence a lower fuel consumption and less turbine noise (Binder, Carbonneau,

& Chassaing, 2008).

Axial flow turbines are divided into reactive and impulse turbines. Impulse turbine

increases velocity in the nozzle which causes losses hence less efficient compared to

reaction turbine. Reaction turbines have a pressure difference at the rotor inlet and

exit which leads to tip clearance losses (Zaniewski et al., 2019). Turbine designers

have increased the performance of multistage axial flow turbines by making the first

50% stages impulse in design so as to maximize pressure drop and the remaining

50% stages are reactive in design (Gorla & Khan, 2003).
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Figure 2.2: Blades of an axial flow turbine stage (Guédez, 2011)

2.4 Variables Affecting Performance of Turbines

The gas turbines performance can be measured by efficiency, power output and

torque. Thermal efficiency and power output of gas turbines can be increased by

increasing the turbine inlet temperature (TIT) at a fixed pressure. Blade cooling

has been used to ensure that the turbine operates at temperatures above the melting

point of the blade material(Dongre, Vikas, & Vishal, 2014). Cooling also increases

the life cycle of the turbine by reducing the effect of blade thermal stresses(J.-C. Han,

2004). The overall efficiency of a gas turbine increases with increase in pressure ratio

at a given temperature(Boyce, 2002). This section explores the key variables and

their effect on performance of gas turbines.
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2.4.1 Turbine Inlet Temperature

Thermal efficiency of gas turbines can be increased by increasing the turbine inlet

temperature (TIT) at a fixed pressure. The current TIT for aircraft is about 1473

to 1773 K and the power can be doubled by increasing the TIT from 1773 to 2273 K

(Sunden & Xie, 2010). The turbine blades should be made with a material that can

withstand the high inlet temperature (Estrada, 2007). Cooling techniques are also

used to ensure the gas turbines operates at temperatures higher than the melting

point of blade material (Dongre et al., 2014).

Aminov et al. (Aminov, Moskalenko, & Kozhevnikov, 2018) studied the optimal

gas turbine inlet temperature (TIT) for cyclic operation using numerical simulation

method. The findings were that increase in TIT resulted in increased thermal

efficiency, reduced fuel consumption, high thermal and mechanical stresses hence

reduced turbine life. The total operation costs of gas turbines increased due to

cooling, thermal barriers coating and uneven electrical loads. Gas turbines with

lower TIT were more profitable for peak operations with high number of startups and

shutdowns. Though gas turbines with higher TIT were more suitable for base load

operations due to high fuel efficiency, the effects of TIT on partial load operations

were not considered.

Nayak et al. (Nayak & Mahto, 2014) studied the effects of gas turbine inlet

temperature on combined cycle performance. Thermodynamic model of a simple

combined cycle was developed, analyzed and MATLAB software used to simulate the

operating conditions. They found that the specific fuel consumption decreased with

increase in gas turbine inlet temperature (GTIT). Thermal efficiency and specific

work increased with increase in GTIT. The rate of increase in thermal efficiency

was slow at higher GTIT due to heat loss. The highest TIT for maximum thermal

efficiency was not evaluated.
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2.4.2 Blade Cooling

Cooling is used to enable the turbine to operate at temperatures above the melting

point of the blade material and prevents wear due to thermal loads(Zhang, Zhu,

Xie, Li, & Sunden, 2021). First gas turbine blade cooling was at Conway in 1962

and continues being improved (Xu, Bo, Hongde, & Lei, 2015). The most commonly

used techniques are film, convection, impingement and combined cooling. Figure 2.3

shows some internal and external blade cooling techniques. The blade leading edge

is cooled by jet impingement with film cooling while the pin-fins with ejection is used

to cool trailing edge and the middle part of blade is cooled by internal serpentine

ribbed-turbulators passages (Sunden & Xie, 2010). In internal cooling method cold

air is tapped from the compressor and directed to the channels of turbine blade

(Dongre et al., 2014). Internal cooling provides cools turbine better than other

techniques hence increasing the blade life (Nandakumar & Moorthi, 2015).
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Figure 2.3: Blade cooling techniques (Sunden & Xie, 2010)

Narzary et al. (Narzary, Liu, Rallabandi, & Han, 2010) studied the influence of

coolant density on turbine blade film-cooling using pressure sensitive paint technique.

Pressure sensitive paint technique involves a paint-like coating which fluoresces

under a specific illumination wavelength in differing intensities depending on the

external air pressure being applied locally to its surface. The results showed that

film cooling effectiveness increased with increase in blowing ratio. Film cooling

effectiveness increased proportionately to density ratio. Increase in free stream

turbulence intensity decreased the film cooling effectiveness. The study showed

that turbulence affects film cooling effectiveness, however ways of improving it in

turbulent gas flow were not explored.
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Sanjay et al. (Kumar & Singh, 2014) studied enhancement of combined

cycle performance using transpiration cooling of gas turbine blades with steam.

Thermodynamic modeling was used to develop a C++ computer code to compare the

performance of combined cycle with air and steam cooling. The findings indicated

that the combined cycle efficiency and specific work output varied with turbine inlet

temperature (TIT) and coolant. As the TIT increased from 1600 K to 1800 K

the difference in cycle efficiency between steam and air cooled turbine varied from

1.47% to 2%. The specific work output for a steam cooled combined cycle was 63

kJ/kg higher than air cooled combined cycle at TIT of 1800 K. Although the study

established that steam had better cooling characteristics than air, it did not consider

the impact of steam generation on overall plant efficiency.

2.4.3 Blade Tip Clearance

Blade tip clearance is the space between the blade and the casing and is responsible

for leakage mass flow across the blade tip from the pressure side to the suction side.

Tip leakage loss causes a third of all the aerodynamic losses experienced in turbines

(Shirzadi & Saeidi, 2012). The leakage results in increased operation cost, reduced

engine life and low turbine efficiency due to decreased net work output of each rotor

(Qi & Zhou, 2014).

The gas turbine rotation causes blade tip losses due to the vortices formed as the

fluid passes between the blades and the casing. Gao et al. (J. Gao, Zheng, Liu,

& Dong, 2016) studied the effects of blade rotation on axial turbine tip leakage

vortex breakdown and loss using numerical method. The findings were that the

tip mixing loss per unit leakage flow reduced with increase in rotation speed. The

vortex breakdown was influenced by Coriolis force and the 3D shear flow in the

casing endwall region. Although the study showed that increased speed reduced the

tip mixing loss per unit leakage flow, the rotational speed for optimum reduction in

tip leakage flow was not evaluated.
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(Shirzadi & Saeidi, 2012) studied the effects of tip clearance on performance of a

heavy duty multi stage axial turbine using 3D ANSYS CFX-12 CFD simulation

code. It was found that the tip clearance losses of 1st and 2nd rotors were higher

than that of the 3rd and 4th rotors. The leakage mass flow of rear rotors was less

than that of front ones yet it affected overall efficiency of the turbine significantly.

The study showed that leakage mass flow affected turbine’s the efficiency. However

the influence of cooling fluid on mass flow was not considered.

2.5 Syngas Generation and Utilization in Gas

Turbine

2.5.1 Syngas Generation

Gasification is converting fuels such as coal, petroleum coke, biomass, municipal

waste and other carbonaceous materials into cleaner and high-value synthesis gas

(syngas). Coal gasification is the process of reacting coal with oxygen, steam,

and carbon dioxide to form a product gas containing hydrogen, carbon monoxide,

carbon dioxide, steam and nitrogen oxide. Syngas is later cleaned to remove the non

combustible gases that comprise steam, carbon dioxide and nitrogen oxides (Oluyede

& Phillips, 2006). The simplified important reactions are (Agrawal, 2000):

Partial oxidation:

C + 1/2O2 −→ CO (2.1)

Water gas shift:

CO +H2O ←→ CO2 +H2 (2.2)

Methanation:

CO + 3H2 ←→ CH4 +H2O (2.3)
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Steam-carbon reaction:

C +H2O −→ CO +H2 (2.4)

Boudouard reaction:

C + CO2 −→ 2CO (2.5)

Coal gasification is preferred to combustion due to the low emissions per unit

of energy produced. Generation of syngas from coal is classified as surface and

underground coal gasification depending on location. Underground coal that is not

economical to mine is gasified in the mines and the syngas pumped to the surface.

In surface coal gasification, coal is mined and reacted on the surface. Syngas is used

as fuel gas in gas turbines, as feedstocks for liquid fuels and chemicals (Daggupati

et al., 2011).

2.5.2 Syngas Utilization in Gas Turbines

Syngas is a cleaner, low heating value energy source and studies are underway to

establish its performance in various applications including power generation (Roach

& Ponton, 2013). It is difficult to control the quality of the syngas in cases where the

coal has high ash and moisture content, hence reducing the life of turbine components

(Bhatt, 2012).

Most of the existing gas turbines are manufactured specifically to burn standard

fuels like natural gas and light diesel fuel (Xuelei et al., 2010). Syngas from coal has

a low heating value of 16 MJ/kg while natural gas has a heating value of 50 MJ/kg

(Johnson, 1991). When using syngas to run a natural gas turbine, the turbine is

assumed to operate under off design conditions. This implies that higher syngas flow

rate is needed to attain the same firing temperature for the same compressor flow,

hence the mass flow rate into the turbine has to be increased (Johnson, 1991). This

can only be achieved if Equation 2.6 is satisfied.

16



m3 = p3
∗AnM/

√
T3

∗ (2.6)

Where, m3 is inlet flow of turbine, p3
∗ is turbine inlet total pressure, T3

∗ is turbine

inlet total temperature, An is turbine inlet area, M is constant. Maintaining T3
∗ as

the natural gas temperature. Then total pressure or turbine area must be increased

to cater for the high mass flow.

Xuelei et al. (Xuelei et al., 2010) studied the influence of firing medium or low heat

value fuel on the safe operation of a gas turbine using a calculations model. The safe

operating conditions of syngas fired gas turbine such as compressor surge margin,

axial torque and turbine metal temperature were evaluated. It was found that

increasing the compressor pressure ratio increased the axial torque of the turbine,

decreased the compressor surge margin and increased the turbine temperature hence

it was not a safe performance strategy. Although it was not safe to increase

compression ratio of syngas fired gas turbine, the optimum pressure ratio was not

determined in the study.

Oluyede et al. (Oluyede & Phillips, 2007) studied the impact of firing syngas in a

gas turbine modeled using a GateCycle software. The software was used to predict

design and off-design performance of combined and advanced gas turbine cycles.

Therefore, in order to attain the firing temperature and maintain constant energy

input to the gas turbine a large fuel flow rate was necessary. The high hydrogen

content in the syngas resulted to high flame temperature and high moisture content

hence affecting the hot section of the material and reducing the life of the turbine.

The impact of back pressure as a result of increased mass flow rate was however not

investigated.

Chyu et al. (Chyu, Siw, Karaivanov, Slaughter, & Alvin, 2009) studied the effects

of internal heat transfer of syngas, hydrogen and oxyfuel turbines using FLUENT
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flow simulation software. Oxyfuel is produced when syngas is burned with a nearly

pure oxygen producing a highly enriched CO2 gas, steam and excess oxygen. It

was found that the leading and trailing edge of hydrogen fired turbine airfoil had

hot spots and the metal temperature reduction was through thermal barrier coating

(TCB) thickening. The oxyfuel turbines gas side temperature of 2030 K was higher

than 1720 K of hydrogen fired turbines, and exceeded the materials limit of 1370

K. The current technology level on aerothermal cooling and TBC protection forms

a basis for further studies to develop future oxyfuel turbine systems that are viable

and durable at high moisture content.

Maurstad (Maurstad, 2005) and Barnes (Barnes, 2013) did a review on existing Coal

based Integrated Gasification Combined Cycle (IGCC) Technology. The findings

were that to increase efficiency and still reduce emissions would was a challenge.

The high moisture content in syngas lead to reduced operating hours of natural gas

turbines. Hence studies and experiment to optimize and validate a tradeoffs between

efficiency, reliability, availability and maintainability need to be done. Further

development of advanced materials to handle high moisture and gas temperature

is required.

2.6 Summary of Gaps

The performance of a gas turbine especially when using syngas can be improved.

Below are some gaps identified in the literature;

1. The current technology level on aerothermal cooling and thermal barrier

coating (TBC) protection forms a basis for further studies to develop future

oxyfuel turbine systems that are viable and durable at high moisture content.

2. The studies show that increased rotational speed reduced the tip mixing loss.

Further research is required to determine the rotational speed for optimum
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reduction in tip leakage.

3. Although it was not safe to increase compression ratio of syngas fired gas

turbine, the highest pressure ratio for maximum efficiency was not determined

in the study.

4. The studies showed that leakage mass flow affected the efficiency of the turbine,

however the influence of cooling fluid on mass flow was not considered.

5. Firing syngas in a natural gas turbine requires increased mass flow rate however

the impact of back pressure that results was however not investigated.

6. Research shows that turbulence affects film cooling effectiveness, making it

important to explore ways of improving film cooling effectiveness in turbulent

gas flow.
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CHAPTER THREE

METHODOLOGY

3.1 Background

The problem of energy crisis has led to the demand of cheap, clean and reliable

sources. This research involves a study of behaviour of gas expanding in a turbine

running on coal syngas from Mui Basin. Performance of an axial flow turbine running

on syngas was simulated based on solution of flow governing equations. Therefore

this chapter presents the computational domain around the flow region, the flow

governing equations and the solution technique used in the performance simulation.

3.2 Modeling of Syngas Turbine

The axial flow turbine rotor model was developed using BladeGen of the ANSYS

workbench 17.2 to be used in the syngas simulation. Eighteen blades were selected

for the model since they provided good and high efficiency flow for small scale turbine

(Ennil & Mahmouda, 2015) and they were even in number for dynamic balance and to

minimize potential vibrations (Nagpurwala, 2012). Blade configuration was selected

based on a criteria utilized for NASA aerofoil profile for uncooled single stage turbines

for high efficiency operation (Gardner, 1979). The rotor model developed was sized

to blade height of 25 mm, hub diameter of 60 mm and tip diameter of 110 mm.

These dimensions were close to those of available axial micro turbines (Kosowski,

Piwowarski, Stepien, & W lodarski, 2012). Figure 3.1 shows the rotor model, while

Table 3.1 illustrates the blade features selected following the criteria above.
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Figure 3.1: Rotor model with 18 blades

Table 3.1: Rotor blade details

Parameter Value
Number of Blades 18

Inlet Angle βin 40.2
Exit Angle βout 72.4
Blade Height 25 mm
Hub Diameter 60 mm
Tip Diameter 110 mm

3.3 CFD Modeling

The performance of turbine design was modeled using CFD code ANSYS Workbench

and CFX 17.2 academic version. The computational domain used was flow across
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one blade since it modeled behaviour of fluid in gas turbine rotor. Syngas combustion

gases were used as computation fluid in simulation. Finite volume approach which is

convenient to use with unstructured grids, was used to discretize the steady flow three

dimensional Navier-Stoke equation for compressible flow and the energy equation

(Bari, David, Torresi, Fortunato, & Camporeale, 2014). Equation 3.2, 3.3 and 3.4 are

the three Navier Stokes equations expressed in the spatial and temporal coordinates

x,y,z and t. The conservation equations are (Bari et al., 2014);

(i) Mass conservation equation

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0 (3.1)

(ii) x momentum conservation equation

ρDu

Dt
= −∂P

∂x
+ µ

(
∂2u

∂x2
+
∂2u

∂y2
+
∂2u

∂z2

)
+ ρgx (3.2)

(iii) y momentum conservation equation

ρDv

Dt
= −∂P

∂y
+ µ

(
∂2v

∂x2
+
∂2v

∂y2
+
∂2v

∂z2

)
+ ρgy (3.3)

(iv) z momentum conservation equation

ρDw

Dt
= −∂P

∂z
+ µ

(
∂2w

∂x2
+
∂2w

∂y2
+
∂2w

∂z2

)
+ ρgz (3.4)

22



(v) Energy equation

Cp
DρT

Dt
=λ

(
∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
− ∂

∂x

(
ρT

N∑
i=1

CpiDi
∂Yi
∂x

)
−

∂

∂y

(
ρT

N∑
i=1

CpiDi
∂Yi
∂y

)
− ∂

∂z

(
ρT

N∑
i=1

CpiDi
∂Yi
∂z

)
−

N∑
i=1

ωi∆h
o
f,i.

(3.5)

(vi) Bernoulli’s equation

P +
1

2
ρv2 + ρgh = Constant (3.6)

(vii) Velocity equation

v =

√
γRT

M
(3.7)

(viii) Gay-Lussacs law
P

T
= constant (3.8)

(ix) Power equation

p = τω

ω = 2πNrpm/60
(3.9)

Pressure ratio (rP )

r

P = Pinlet
Poutlet(3.10)

Thermal efficiency

ηth =

{
1− TTET

TTIT

}
× 100 (3.11)
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Correlation coefficient

r =
n (
∑
ab)− (

∑
a) (
∑
b)√

[n
∑
a2 − (

∑
a)2][n

∑
b2 − (

∑
b)2]

(3.12)

Where u, v and w are the velocity components (m/s) in the x, y and z directions

respectively, ρ is the density (kg/m*3), P is the pressure (bar), g is acceleration due to

gravity (N/kg), h is elevation (m), γ is adiabatic constant, R is specific gas constant

(kJ/kg.K), M is molecular mass (kg/mol), T is the temperature (K), λ is the thermal

conductivity (W/(m·K)), µ is the dynamic viscosity (kg/(m.s)), D is the diffusivity,

p is power (W), τ is torque (Nm), ω is the angular velocity (rad/s), π=3.14, Pinlet

is pressure at inlet (bar), Poutlet is pressure at outlet (bar), ηth is thermal efficiency

TTET is turbine exit temperature (K), TTIT is turbine inlet temperature (K), r is

correlation coefficient, n is number in the given dataset, a is first variable in the

context and b is second variable.

3.3.1 Mesh Generation and Analysis

The computation domain was developed in ANSYS design modeler and meshing

tool. Unstructured grid mesh was selected due to high flexibility level and control of

grid cell shape and size (Zikanov, 2010). 3-Dimension tetrahedral grids were chosen

to cater for the complex domain around the blade. The computational domain was

developed for one blade since the flow behaviour was similar for all blades. Figure

3.2 shows the computational domain before meshing while the meshed domain with

exploded view of trailing and leading edges is shown in Figure 3.3.
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Figure 3.2: Computational domain before meshing

Figure 3.3: Exploded view of the 3D meshed domain

The mesh independence study was carried out to determine accuracy of numerical

results and their behaviour with varying cell numbers. Flow simulations were carried

out for mesh cells ranging from 212,471 to 5,628,720 and the performance of each

case is as shown by Figure 3.4. There was a 0.09% change in efficiency with increase

in number of cells above 1,857,744. Therefore to save on simulation resources and

due to computer processor limitations, 1,857,744 cells were adopted to study the
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flow and temperature distribution of expanding syngas in gas turbine. Computer

with Microsoft Windows 10, 64 bits operating system, Intel(R) Core(TM)i7-7700HQ

CPU@ 2.80GHz processor, with 16.0 GB RAM installed memory was used for the

simulation.

Figure 3.4: Mesh sensitivity analysis

3.3.2 Developed Simulation Model Validation

Shown in Figure 3.5 is the efficiency of rotor at various pressure ratio. Simulation

results were obtained using the developed model while experimental ones are from

literature (Dubitsky, Weidermann, Nakano, & Perera, 2003). The experimental

and simulation curves indicated a correlation coefficient (r) of 0.9454. Correlation

coefficient was close to unity meaning that the predicted efficiency data could be

used to represent experimental data. This means that the simulation model was
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valid and suitable for in further analysis.

Figure 3.5: Variation of rotor efficiency with pressure ratio

3.3.3 Boundary conditions

Total temperature and total pressure were specified at the inlet while static pressure

was set at the outlet. Figure 3.6 shows inlet pressure of 10 bar and temperature of

900 K, outlet pressure of 1 bar, adiabatic, no slip and smooth wall and flow direction.

The exit pressure was fixed at 1 bar, while the inlet pressure and temperature were

specified for different simulations.
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Figure 3.6: Flow path, inlet and outlet

In the present research the rotational speed, turbine inlet temperature (TIT) and

pressure ratio were each varied while keeping the other variables constant to study

their effect on gas turbine performance. The turbine inlet temperature and pressure

ratio were assumed to be 900 K and 10 respectively, while the rotational speed was

varied in steps of 1000 rpm. The lower limit of 3000 rpm was based on design limit

guided by the first power generating turbine while the upper limit of 14000 rpm

was based on a split shaft gas turbine design (Lazzaretto & Toffolo, 2001), (ASME,

2007), (Roberts & Kubasco, 1982). In addition a pressure ratio of 10 was selected

as it coincides with that of micro turbines (Kosowski et al., 2012). The TIT of

900 K was below temperature of uncooled blade (973 K) and higher than the lower

temperature coolant (800 K). The coolant air is bled from compressor exit and since

the compressed air is mixed with fuel and combusted the turbine must operate at a

higher temperature than the compressor (Bhargava et al., 2007), (Mazzotta, Chyu,

& Alvin, 2007).

Pressure ratio and rotational speed were assumed to be 10 and 10,000 rpm

respectively, while turbine inlet temperature (TIT) was varied in steps of 100 K

from 600 K to 1800 K. Turbine inlet temperature of 1800 K is for a steam cooled
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blade above which thermal coating of the blades is required(Xu et al., 2015) while 600

K is almost equal to TIT of the first simple gas turbine designed in 1903 (Bhargava

et al., 2007). The pressure ratio was varied from 5 to 20 in steps of 5, while turbine

inlet temperature and rotational speed were maintained at 900 K and 10000 rpm,

respectively. The pressure ratios of 5 and 20 were close to those of the first simple gas

turbine designed in 1903 and in the range of syngas turbine respectively (Bhargava

et al., 2007), (Kim, Lee, Kim, Sohn, & Joo, 2010). Table 3.2 shows the boundary

conditions used in simulation for the research.

Table 3.2: Boundary conditions

Variable Limits
Reference Pressure 1 Bar
Rotational Speed 3000 rpm to 14000 rpm

Turbine Inlet Temperature 600 K to 1800 K
Pressure Ratio 5 to 20

Out flow Static pressure 1 Bar
Fluid Syngas (Combustion products)

Natural gas (Combustion products)
Ideal gas (Air)

3.3.4 Syngas Combustion Equations

The composition of coal in Kenya ranges from lignite to sub-bituminous. The

main components of syngas from lignite coal are hydrogen gas (H2) at 28.5% and

carbon monoxide gas (CO) at 39.7% (Kariuki & Kuria, 2021), (Wang & Gary, 2017)

(Ghenai, 2010). The stoichiometric combustion equations of hydrogen and carbon

monoxide gases expressed as follows;

1. Hydrogen combustion

2H2 +O2 → 2H2O (3.13)

Multiplying through by 0.285

0.285× 2H2 + 0.285×O2 → 2× 0.285H2O (3.14)
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0.57H2 + 0.285O2 → 0.57H2O (3.15)

2. Carbon monoxide combustion

2CO +O2 → 2CO2 (3.16)

Multiplying through by 0.397

0.397× 2CO + 0.397×O2 → 2× 0.397CO2 (3.17)

0.794CO + 0.397O2 → 0.794CO2 (3.18)

Natural gas consist mainly of methane at 95.7%, the stoichiometric combustion

equations expressed as follows;

CH4 + 2O2 → CO2 + 2H2O (3.19)

Multiplying through by 0.95

0.95× CH4 + 0.95× 2O2 → 0.95× CO2 + 2× 0.95×H2O (3.20)

0.95CH4 + 1.9O2 → 0.95CO2 + 1.9H2O (3.21)

The flow around the blade was simulated using syngas combustion and natural

gas combustion to compare the performance. The syngas combustion was

assumed to consist of products of stoichiometric combustion of hydrogen as

shown in Equation 3.15 and carbon monoxide as shown in Equation 3.18

from lignite coal which is similar to coal available in Kenya (Kariuki & Kuria,

2021),(Wang & Gary, 2017). The syngas combustion gases fluid material was

not available in the Ansys CFX and it was created consisting of ideal CO2
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and H2O gases at mass fractions of 0.5821 and 0.4179 respectively. Similarly

the natural gas fluid material combustion gases were formed were at a ratio

of 0.3333 CO2 and 0.6667 H2O as shown by Equation 3.21 (Ganjikunta P.E,

2015). The water and carbon dioxide were a fraction to form a fluid with two

components.

3.3.5 Turbulence Modeling of Flow Equations

Turbulence is flow disturbance and boundary layer separation caused by change

in pressure and velocity. The type of flow in a gas turbine can be determined

by the dimensionless Reynolds number (Re) shown by Equation 3.22. Where

ρ is fluid density (kg/m3), U is flow velocity (m/s), L is length scale (m) and µ

is dynamic viscosity (kg/m s). The flow is laminar at Re < 2300, transient at

2300 < Re < 4000 and turbulent at Re > 4000. The flow of syngas combustion

gases in the computational domain was turbulent with a Reynolds number of

2.2 ×105 calculated by substituting the values in Equation 3.22 as (U) is flow

velocity at rotational speed of 10,000 rpm = 61.8611 m/s, (ρ) is syngas density

= 4.0262 kg/m3, (L) is reference radius of the rotor = 0.05 m and (µ) is syngas

dynamic viscosity = 5.61 ×10−5 kg/m s.

Re =
ρ.U.L

µ
, (3.22)

Reynolds-Averaging is the first step in modeling of turbulent flow equations.

The flow equations were averaged in order to deal with the effect of fluctuating

components of the turbulent flow as shown in Equation 3.23 (Zikanov, 2010).

ρ
∂

∂xj
(uiuj)− =

∂P

∂xi
+

∂

∂xj

(
µ

[
∂ui
∂xj

+
∂uj
∂xi

]
− ρúiúj

)
,
∂ui
∂xi

= 0 (3.23)

Where ui, uj are the mean values, úi, új are the fluctuating components and
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−ρúiúj are the Reynolds stresses. The Reynolds Stresses were calculated using

eddy viscosity turbulence models as

−ρúiúj = µt

(
∂ui
∂xj

+
∂uj
∂xi

)
− 2

3
ρkδij (3.24)

µt =
ρk

ω
(3.25)

Where δij is the Kronecker second-order tensor. δij = 1 if i = j, and δij = 0 if

i 6= j.

The turbulent models available in CFD are; the Spalart-Allmaras model,

the Reynolds Stress Model, the k-εÎ model, the k-ω model and the k-ω

SST model(Chang & Tavoularis, 2009). k-εÎ is used in the wake region of

the boundary layer away from surface due to it’s poor performance in flows

with separation(Menter, 1994). k-ω is preferred to k-εÎ in predicting adverse

pressure gradient boundary layer incompressible flows(Soghe, Innocenti,

Andreini, & Poncet, 2010). In this work shear-stress transport (SST) ω model

was used as it combines both k-ω and k-εÎ models to accurately predict the

flow in aerodynamic applications(Menter, 1994). In the flow simulation k-εÎ

was used in the free stream regions from the inlet to leading edge and from

trailing edge to the outlet. The k-ω was used from leading edge to the trailing

edge to clearly show pressure gradient and shear stress distributions near and

on the blade surface. The SST ω model as shown in Equation 3.26, 3.27 and

constants used are shown in Equation 3.32.

Dρk

Dt
= τij

∂ui
∂xj
− β∗ρωk +

∂

∂xj

[(
µ+ σk

ρk

ω

)
∂k

∂xj

]
(3.26)
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Dρω

Dt
=
αω

k
τij
∂ui
∂xj
− βρω2 +

∂

∂xj

[(
µ+ σω

ρk

ω

)
∂ω

∂xj

]
+

2 (1− F1)
∂ρσω2
∂ω

∂k

∂xj

∂ω

∂xj

(3.27)

Where,

τij =
ρk

ω

{
∂ui
∂xj

+
∂uj
∂xi
− 2

3

∂uk
∂xk

δij

}
− 2

3
ρkδij (3.28)

F1 = tanh(arg41) (3.29)

arg1 = min

[
max

( √
k

β∗ωd
,
500v

d2ω

)
,

4ρσω2
CDkωd2

]
(3.30)

CDkω = max

(
2ρσω2

1

ω

∂k

∂xj

∂ω

∂xj
, 10−20

)
(3.31)

σk = 0.85, σω1 = 0.5, β∗ = 0.09, β =
3

40
, α =

5

9
, (3.32)
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Background

This chapter presents the results and discussions of performance of syngas

and natural gas combustion gases expansion in gas turbines rotor model

with varying parameters (rotational speed, pressure ratio and turbine inlet

temperature). The sustainable utilization of coal, as noted in this study, is

through conversion to syngas. It is important to study the behaviour of syngas

combustion gases as they expand across a gas turbine. Therefore, this chapter

presents a numerical analysis of flow, temperature, and pressure fields as well

as the turbine efficiency that impact on power output.

4.2 Convergence Analysis

CFD governing equations are nonlinear and have no exact solution, hence

iterative process was used to achieve a stable and consistent solution for

convergence to occur. The residuals of mass, momentum, energy and

turbulence equations were monitored to determine the convergence of the

simulation. Root Mean Square (RMS) convergence criteria was used with a

default criterion of 1e-04.

4.2.1 Syngas Combustion Gases Solutions Convergence

The mass and momentum solutions converged as shown in Figure 4.1. RMS

P-Mass is the root mean square residual of mass conservation equation, RMS

U-Mom is root mean square residual of momentum conservation of velocity

in the X direction, RMS V-Mom is root mean square residual for momentum

conservation of velocity in the Y direction and RMS W-Mom is root mean
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square residual for momentum conservation of velocity in the Z direction. The

calculation solutions converged after 800 iterations at a convergence criterion

of between 1.0e-5 and 1.0e-08.

The energy solutions converged as shown in Figure 4.2. RMS H-Energy is

the root mean square residual of energy equation. The calculation solutions

converged after 100 iterations at a convergence criterion of between 1.0e-5 and

1.0e-6.

The turbulence solutions converged as shown in Figure 4.3. RMS K-TurbKE is

the root mean square residual of turbulence kinetic energy. RMS O-TurbFreq

is the root mean square residual of turbulence frequency. The calculation

solutions converged after 1000 iterations at a convergence criterion of between

1.0e-6 and 1.0e-7.

Figure 4.1: Syngas mass and moment conservation convergence
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Figure 4.2: Syngas heat transfer convergence

Figure 4.3: Syngas turbulence convergence
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4.2.2 Natural Gas Combustion Gases Solutions

Convergence

The mass and momentum solutions converged as shown in Figure 4.4. RMS

P-Mass is the root mean square residual of mass conservation equation, RMS

U-Mom is root mean square residual of momentum conservation of velocity

in the X direction, RMS V-Mom is root mean square residual for momentum

conservation of velocity in the Y direction and RMS W-Mom is root mean

square residual for momentum conservation of velocity in the Z direction. The

calculation solutions converged after 600 iterations at a convergence criterion

of between 1.0e-5 and 1.0e-08.

The energy solutions converged as shown in Figure 4.5. RMS H-Energy is

the root mean square residual of energy equation. The calculation solutions

converged after 100 iterations at a convergence criterion of between 1.0e-5 and

1.0e-6.

The turbulence solutions converged as shown in Figure 4.6. RMS K-TurbKE is

the root mean square residual of turbulence kinetic energy. RMS O-TurbFreq

is the root mean square residual of turbulence frequency. The calculation

solutions converged after 1200 iterations at a convergence criterion of between

1.0e-6 and 1.0e-7.

4.2.3 Air Solutions Convergence

The mass and momentum solutions converged as shown in Figure 4.7. RMS

P-Mass is the root mean square residual of mass conservation equation, RMS

U-Mom is root mean square residual of momentum conservation of velocity

in the X direction, RMS V-Mom is root mean square residual for momentum

conservation of velocity in the Y direction and RMS W-Mom is root mean

square residual for momentum conservation of velocity in the Z direction. The

calculation solutions converged after 800 iterations at a convergence criterion
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Figure 4.4: Natural gas mass and moment conservation convergence

Figure 4.5: Natural gas heat transfer convergence
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Figure 4.6: Natural gas turbulence convergence

of between 1.0e-05 and 1.0e-8.

The energy solutions converged as shown in Figure 4.8. RMS H-Energy is

the root mean square residual of energy equation. The calculation solutions

converged after 100 iterations at a convergence criterion of between 1.0e-05

and 1.0e-6.

The turbulence solutions converged as shown in Figure 4.9. RMS K-TurbKE is

the root mean square residual of turbulence kinetic energy. RMS O-TurbFreq

is the root mean square residual of turbulence frequency. The calculation

solutions converged after 1000 iterations at a convergence criterion of between

1.0e-6 and 1.0e-7.
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Figure 4.7: Air mass and moment conservation convergence

Figure 4.8: Air heat transfer convergence
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Figure 4.9: Air turbulence convergence

4.3 Flow Field Behavior

The flow field behaviour was be demonstrated by the pressure and velocity

distribution as combustion gases expanded across the turbine. The areas with

significant change in flow behaviour are pressure side, suction side, leading edge

and trailing edge of the turbine blade as shown in Figure 4.10 (a) in which the

pressure side is noted to be concave in shape. Figure 4.10 (b) shows the inlet,

outlet and the flow direction in the computational domain should also be clear

when dealing with flow field.

Figure 4.11 shows pressure distribution from the inlet to the outlet of the flow

path representing the computational domain at rotational speeds of ,000 rpm,

6,000 rpm, 9,000 rpm and 12,000 rpm respectively. The upper rotational speed

of 12000 rpm was used since there was a significant change in pressure observed

at that point. The pressure decreased from inlet to outlet as a result of increase

in flow velocity (Darshan, Annigeri, & Kumar, 2016). The pressure was highest
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at the tip of the leading edge possibly due to flow separation as the fluid strikes

the blade. As the flow speed increased from 3,000 rpm to 12,000 rpm the high

pressure region at the leading edge also increased by 1%. The high pressure

was due to increased flow separation caused by increase in fluid speed. Figure

4.11 (c) and (d) shows development of a low pressure region on the pressure

side of the blade’s leading edge. The low pressure region developed due to a

separation bubble caused by the increased fluid speed (Acharya & Mahmood,

2006). The pressure difference between the inlet and outlet can be attributed

to gas expansion in the turbine to generate energy (Soares, 2015). The high

pressure region in the blade trailing edge is due to gas recirculation caused by

increased rotational speed.

Shown in Figure 4.12 is pressure distribution from the inlet to the outlet of the

flow path representing the computational domain at turbine inlet temperature

of 600 K, 1,000 K 1,400 K and 1,800 K, respectively. The pressure at mid point

of pressure side decreased by 1% as the turbine inlet temperature increased

from 600 K to 1,800 K. The pressure region at the leading edge also decreased.

The decrease in pressure could be attributed to increase in kinetic energy due

to increase in temperature of the flowing fluid.

Shown in Figure 4.13 is velocity contours across the turbine flow path

at rotational speed of 3,000 rpm, 6,000 rpm, 9,000 rpm and 12,000 rpm

respectively. The velocity on the suction side of the blade increased from the

inlet to the outlet. The high velocity region on the suction side shifted from

the leading edge to 0.25 of blade span. That can be attributed to separation

line attachment point moving with increase in fluid speed.

Shown in Figure 4.14 is velocity contours across the turbine flow path at

pressure ratios of 5, 10, 15 and 20 respectively. The velocity on the suction side

of the blade increased from the inlet to the outlet. The velocity at mid point of

the suction side of the blade decreased by 75% with increase in pressure ratio
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(a) (b)

Figure 4.10: (a) Blade profile (Chitrakar et al., 2014) (b) Computational
flow domain

from 5 to 20. The decrease in velocity could be atributted to the increase in

pressure since they are inversely proportional and is consistent with what is

expected in fluid flow (Acharya & Mahmood, 2006), (Jaeger, 2014).

Shown in Figure 4.15 is velocity contours across the turbine flow path at turbine

inlet temperature of 600 K, 1,000 K, 1,400 K and 1,800 K respectively. The

velocity at mid point of the suction side of the blade increased by 297% with

increase in turbine inlet temperature from 600 K to 1,800 K. The increase

in velocity with increase in turbine inlet temperature could be attributed to

increase in kinetic energy of the fluid (Yamada & Asako, 2007).

4.4 Temperature Field

Shown in Figure 4.16 is temperature distribution across the turbine flow

path at rotational speed of 3000 rpm, 6,000 rpm, 9,000 rpm and 12,000 rpm

respectively. The upper rotational speed of 12,000 rpm was used since there was

a significant change in temperature observed at that point. From the figure,

temperature is seen to decrease with increasing rotational speed. Temperature

decreased from inlet to outlet due to increase in velocity (Darshan et al., 2016).

The temperature at mid point of the pressure side increased by 0.2% with
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(a) (b)

(c) (d)

Figure 4.11: Pressure distribution at (a) 3,000 rpm, (b) 6,000 rpm, (c)
9,000 rpm and (d) 12,000 rpm

(a) (b)

(c) (d)

Figure 4.12: Pressure distribution at (a) 600 K, (b) 1000 K, (c) 1400 K
and (d) 1800 K
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(a) (b)

(c) (d)

Figure 4.13: Velocity distribution at (a) 3000 rpm, (b) 6000 rpm, (c) 9000
rpm and (d) 12000 rpm

(a) (b)

(c) (d)

Figure 4.14: Velocity distribution at (a) 5, (b) 10, (c) 15 and (d) 20
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(a) (b)

(c) (d)

Figure 4.15: Velocity distribution at (a) 600 K, (b) 1,000 K, (c) 1,400 K
and (d) 1,800 K

increase in rotational speed. That is due to fluid separation regions developed

as the rotational speed increased. Figure 4.17 shows temperature distribution

across the turbine flow path at pressure ratio of 5, 10, 15 and 20 respectively.

The temperature increased with increase in pressure ratio. It can be attributed

to pressure being directly proportional to temperature at constant volume as

stated by Gay-Lussacs law in section 3.3. The pressure and temperature have

a direct effect mass flow rate of syngas turbine (Johnson, 1991).
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(a) (b)

(c) (d)

Figure 4.16: Temperature distribution at (a) 3,000 rpm, (b) 6,000 rpm,
(c) 9,000 rpm and (d) 12,000 rpm

(a) (b)

(c) (d)

Figure 4.17: Temperature distribution at (a) 5, (b) 10, (c) 15 and (d) 20
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4.5 Influence of Turbine Performance

Parameters

4.5.1 Effect of Rotational Speed

Figure 4.18 shows the variation in power with increase in rotational speed. The

maximum power for syngas combustion gases was 2.46 kW at a rotational speed

of 11000 rpm. The power generated from Syngas combustion gases increased

with increase in rotational speed by 108% and then decreased by 9%. The

increase in power can be attributed to it’s direct relationship with rotational

speed as shown in Equation 3.9 in section 3.1 of methodology. However further

increase in rotational speed resulted in flow mixing at the blade trailing edge

causing increased entropy leading to reduced the power output(Bringhenti,

Tomita, Silva, & Mendes Carneiro, 2015). The maximum power for natural

gas combustion was 3.71 kW at a rotational speed of 13000 rpm. The natural

gas combustion gases power also increased with increase in rotational speed

by 148% and then decreased by 0.4%. There was a maximum difference of

63% between the syngas combustion power curve and natural gas combustion

power. The difference in power was attributed to high heating values of natural

gas at 50 MJ/kg and low heating values of syngas of 16 MJ/kg (Ghenai, 2010).

Figure 4.19 shows the variation in efficiency with increase in rotational speed.

The maximum efficiency for syngas combustion was 92.71% at a rotational

speed of 10000 rpm. The syngas combustion gases efficiency increased with

increase in rotational speed by 13% and then decreased by 2%. The increase in

efficiency with increased rotational speed was attributed to increasing power

output which is proportional to angular velocity. Further increase in rotational

speed resulted in decreased efficiency due to flow mixing at the blade trailing

edge causing increased entropy (Bringhenti et al., 2015). The maximum

efficiency for syngas combustion gases was 92.85% at a rotational speed of 12000
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Figure 4.18: Variation in power with rotational speed

rpm. The natural gas combustion gases efficiency also increased with increase

in rotational speed by 18% and then decreased by 0.13%. The difference in

efficiecny was attributed to heating values of natural gas at 50 MJ/kg and

syngas at 16 MJ/kg (and Petroleum, 2015). Power and efficiency are directly

related yet from Figures 4.18 and 4.19 there was a difference due to entropy at

the blade trailing edge caused by flow recirculation at high rotational speed.

4.5.2 Effect of Pressure Ratio

Pressure ratio (rP ) is a ratio of inlet and outlet pressure. Pressure ratio is

critical in design of gas turbine since it is produced by the compressor and the

turbine cannot exceed it. Figure 4.20 shows the variation of power with increase

in pressure ratio. Power produced from syngas combustion was observed to

decrease with increase in pressure ratio by 43%. The decrease in power with

increase in pressure ratio can be attributed to increased compressor work to

produce high pressure ratio (Besharati-Givi & Li, 2015). The power produced

from natural gas combustion also decreased with increase in pressure ratio by
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Figure 4.19: Variation in efficiency with rotational speed

54%. It is consistent with information in literature that power decreases with

increase in pressure ratio at constant temperature (K. Ibrahim & Rahman,

2012). The difference in power was attributed to heating values of natural gas

at 50 MJ/kg and syngas at 16 MJ/kg (Ghenai, 2010).

Shown in Figure 4.21 is the variation of efficiency with increase in pressure

ratio. The syngas combustion efficiency increased with increase in pressure

ratio by 4% and then decreased by 24%. The overall efficiency of a gas turbine

increases with increase in pressure ratio at a given temperature up to a certain

value then it starts decreasing, due to increased compressor load (K. Ibrahim

& Rahman, 2012), (Boyce, 2002). The natural gas combustion gases efficiency

increased with increase in pressure ratio by 6% and then decreased by 4%.

The difference in efficiecny was attributed to heating values of natural gas at

50 MJ/kg and syngas at 16 MJ/kg (Ghenai, 2010).
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Figure 4.20: Variation in power with pressure ratio

Figure 4.21: Variation in efficiency with pressure ratio
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4.5.3 Effect of Turbine Inlet Temperature

Figure 4.22 shows variation in power with increase in turbine inlet temperature.

Syngas combustion gases power increased with increase in turbine inlet

temperature by 0.52%. This can be attributed to increase in turbine work

output as turbine inlet temperature increased, since power is a product of

work and mass flow rate (T. Ibrahim & Rahman, 2010). The natural gas

combustion gases power increased with increase in turbine inlet temperature

by 0.65%. The difference in power was attributed to heating values of natural

gas at 50 MJ/kg and syngas at 16 MJ/kg (Ghenai, 2010).

Figure 4.23 shows the variation in efficiency with increase in turbine inlet

temperature. The syngas combustion efficiency increased with increase in

turbine inlet temperature by 1% and then decreased by 0.42%. Thermal

efficiency of the turbine increased with increase in inlet temperature up to

a maximum at 900 K. Further increase in turbine inlet temperature led to high

turbine exit temeprature resulting in decreased thermal efficiency as shown

by Equation 3.11. The natural gas combustion gases efficiency increased with

increase in turbine inlet temperature by 0.5% and then decreased by 0.55%. At

1800 K the efficiency of natural gas combustion is lower than that of syngas due

to high exit temperature. The difference in efficiency was attributed to heating

values of natural gas at 50 MJ/kg and syngas 16 MJ/kg (Ghenai, 2010).
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Figure 4.22: Variation in power with inlet temperature

Figure 4.23: Variation in efficiency with inlet temperature
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this research, a numerical model of syngas expansion in gas turbine utilizing

Mui basin coal was developed. A CFD model of gas turbine rotor was

developed and validated using experimental data from literature. ANSYS CFX

simulations were carried out to determine performance of syngas and natural

gas combustion expansion in rotor model with varying parameters (rotational

speed, pressure ratio and turbine inlet temperature).

Based on the findings of this research, following conclusions were made;

(a) The pressure and temperature distribution across computational domain

showed regions of high pressure and turbulence at leading and trailing

edge of the blade. This led to the conclusion that for blade life to be

extended these regions require strengthening.

(b) The power produced by expansion of natural gas combustion gases in

turbine rotor was 41% more than that of syngas combustion gases

which was attributed to high heating value of natural gas. This led

to the conclusion that further improved combustion processes through

conducting optimization simulation should be done.

(c) The efficiency of rotor increased with increase in rotational speed up to a

maximum of 92.7%. Further increase in rotational speed led to decrease

in efficiency which was due to turbulence at the blade trailing edge leading

to the conclusion that syngas turbines would be just as effective as natural

gas turbines particularly at speeds below 10,000 rpm.
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(d) The efficiency of rotor increased with increase in turbine inlet temperature

up to a maximum of 92.7% at 900 K and then started decreasing due to

increased heat loss. It can be concluded that for rotor model highest

temperature for maximum efficiency is 900 K for both syngas and natural

gas.

5.2 Recommendations

From this research and results discussions, the following recommendations for

later study are suggested:

(a) The main syngas combustion products are water and carbon dioxide,

moisture reduces blade life. Further work is required on an upgrading

technique to remove water.

(b) The effect of rotational speed on performance of turbine rotor was

evaluated, however blade cooling was not carried out due to limitations of

the computer processor used. Further studies can be done on performance

of a cooled turbine blade with varying rotational speed.

(c) Simulation model developed can be scaled up to construct a gas turbine

for use with lignite coal from Mui basin.
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