From Gas to Electricity

Course material for PET640

Mohsen Assadi
UNIVERSITY OF STAVANGER




From Gas to Electricity

Course material for PET640
Prof. Mohsen Assadi
2018



List of content

Lo INEFOTUCTION. .ttt ettt ettt s bt e s bt e s bt e bt e bt eae e eae e e bt e bt e b e ea b e sabesbbesbeesbeenbeebeenneeneene 3
D N o Ty €Y= Yo 0 oY o RN 4
2.1. STEAM PrOPEITIES .ovviiiiiiiieiiiitee ettt e sttt e e e s e s b et et e e e sesaaabaeeeeeesasasbabeeaessesasssseaaeesssnsstssaeeeesssnssssrnes 5
2.2. Simple steam cycle components and their fUNCLION..........coiieiiiiiiiii e, 6
2.3. Efficiency and efficiency iMProVemMENT..........oooi i et e e e tr e e e e ate e e e araeas 8
2.3.1. (00T3] ool g Y= g =Y i iTol =] o [ol =T3RS 8
23.1.1. 201 1= PP PO PO OPROP PSP 9
2.3.1.2. Steam tUrbine aNd PUMP c...eiiii ettt e sbe e e b e sanee s 9
2.3.2. Cycle efficienCy IMPIrOVEMENT ...ccc.eeiii e e e et e e e e ere e e srteeessstaeeeeanseeesnneeas 11
2.3.2.1. Pre-heating (REZENEratiVe CYCIR) ...uuiiiii ettt ettt e e ta e e aeesba e e saeesbaeeneeenes 11
2.3.2.2. RENEAT CYCIE ..ttt et e b e st s bt e st e bt e s b e e e beesabeesneenane 12
2.4, Condensing and backpressure tUrDINE ........cc.uiii it e e et e e et e e aae e e e aaeeens 13
2.4.1. K] =T IR =Y o] SR PSPSRN 13
2.4.1.1. P o A o] ) =P PPPPPPRPINE 16
2.41.2. REACTION STAGE ettt 16
2.5. Problems: VapoUr POWET CYCIES.......oii ittt eete et e e et e e e et e e e eetaee e s baee e e sbeeeeessbeaesbaeaeaanreeananses 18
3. BOiler and heat transfer ..o o s et 41
3.1. 2T o] T T TP TP PP PUORPPROPRPRPR 41
3.1.1. HEAE ErANSTOI ..ttt ettt h e s bt e sttt e b e eat e e bt e bt e b e be e besaeesaeenaes 42
3.1.2. F N ot o 1= | =Y PSR UN 43
3.1.3. Problem: Heat TranSfer ..o ettt 45
N 1 L= - Y oY ol [ T T PP PP P PP PR O POPOUPPTUPPRRPPRRNE 54
4.1. LT T3 T o] o L= o 1= RN 54
4.2. Simple ideal gas tUIDINE CYCI .. ..ot e et e e e s tre e e e sate e e eennaeeesraeaeans 54
4.3. Problems: Gas POWET CYCIE.......cuiiiiiieiee et eecctteeeete e s eee e st e e st e e e eae e e s aaeeeesteeeesssaeeesnaeeeennseeennnnes 57
4.4, Real gas turbine cycle and stage calCulation...........oceiiiiiiiniiii e 68
4.4.1. F N qE= ] oo T 110] o] ¢ =X-TYo | SRS 68
4.4.1.1. (00 T00] o] T3 o Y] =1 o] | 1 Y75 USSR 70
4.4.2. e T L= ol VT o1 0= ISR 71
4.4.3. Problem: Stage CalCUlatioN.........cc.ueiiiiiie ettt e e et e e et a e e e s bt e e e eabeeeeeataeeessreeanns 74
4.4.3.1. JLIUTg o1 [a Y=ol Yo ] [T USRS 82
4.4.4. COMDBUSTION CAMDBET ...t s e st sn e s ene 84
4.4.5. Combustion process in Gas turbine combustion chamber.........cccccooiiiiiiinnie, 87
4.4.6. Problem: COMBUSTION ...coc.uiiiiiiie ettt et st e s e s abe e s e e sareesanee s 94
4.5, [0eT 1] o g T=Te I erY ol [ SRR 98
45.1 Problem: Combined POWET CYCIE.....couiiiiiiiiii ittt 101



1. Introduction

From gas to electricity is dealing with various energy conversion technologies, using gaseous fuels,
primarily natural gas (NG), to produce electricity. Heat is a byproduct of this process that can be
utilized in different ways to enhance the so called “fuel utilization factor”, which defines the amount
of useful energy versus the total heat released during combustion of the fuel.

Combustion can be explained as conversion of the chemically bound energy of the fuel to heat, which
also results in release of emissions of different kinds to the atmosphere. Improved efficiency of the
energy conversion technologies involved, results in reduced specific emission, i.e. emission per
produced unit of electricity and useful heat. Therefore, there will be focus on methods and measures,
which results in efficiency improvements for various types of energy conversion technologies
presented in this booklet.

Widening the course title “from gas to electricity”, to become more inclusive one can refer to
“thermal power engineering”, meaning conversion of heat from any source of fuel to electricity. The
generalized setup could be described by the figure below:

f;lfd Combustion Technology:
Gas Furnace, Boiler, Gas turbine (nuclear)
E’ Blectricity Environment:
Air & Heat Emissions (€02, NOx, SOx)
water
Economy: Fuel, El., Heat, Emissions, efc

Figure 1: Thermal power plant as general black-box setup

As shown by the figure, any kind of energy conversion technology that converts released heat from
combustion to mechanical work, in terms of a rotating shaft, can produce electricity via a generator.
Therefore, it is important to take advantage of this opportunity as an engineer, to widen the general
understanding to cover thermal power engineering.

The “black box” approach presented here, emphasizes the conversion of heat to electricity
independent of the energy conversion technology employed. A major consequence of heat generation
via combustion is the release of the unwanted emissions (NOx, Sox and CO2) to the atmosphere.
Detailed schemes for combustion of various fuels will be discussed in coming chapters. It can also be
mentioned here that nuclear power plants are also thermal power plants, but without combustion.
The heat release in nuclear power plants is due to nuclear reactions, which will not be considered in
this booklet.

The course material is presented in three chapters, which follow this introduction, starting with steam
cycle, followed by gas turbine and finally the combined cycle. The reason for selection of this
structure is that in chapter 2, steam cycle, the well-defined working fluid steam/water is used to
introduce the basic thermodynamic rules as well as the function of various components of the system.
Thereby a base will be established for the coming captures, despite the fact that natural gas is not
the most common fuel in steam cycles. Given the fact that exhaust gas from combustion of fuel is not
directly used as working medium in the power cycle (steam is used as working medium), one can allow
use of more difficult and not so clean fuels in steam cycles. Solid, liquid and gas fuels all can be
combusted in a boiler, due to the large volume and ease of material cooling. In the gas turbine, where



the exhaust gas is the working medium of the cycle, purity of the fuel is very important to allow use
of advanced cooling methods, which results in improved efficiency.

In summary:

- Energy conversion technologies are needed for electricity (and heat) generation from
different fuels

« Combustion is the process needed to convert the chemical energy in the fuel to heat, where
the emissions are formed (CO2, NOx, SOx, etc.)

« Electrical efficiency depends on technology level and power range (plant cost)
+ Combined heat and power, when possible, results in much higher fuel utilization factor

+ Detail plant and component analysis, function, design, mathematical modeling and
calculations are the focus of this course.

* You need to keep the big picture in mind for orientation when digging into the details of
different components!

2. The steam cycle

Steam cycle can be defined as a closed cycle where water at high pressure is converted to high-
pressure steam in a boiler, expanded in a turbine (which drives a generator to produce electricity),
condensed to water at low pressure in a condenser and pressurized by a pump to be delivered back to
the boiler. The figure below shows the schematic of the simple steam cycle.

Boiler

Steam turbine

3

Condenser

2 1
<
S

Feed water pump

Figure 2: Schematic of a simple steam cycle

To be able to analyze the steam cycle further, one need to learn more about the properties of steam
as working fluid. The subchapters below introduce temperature-entropy, enthalpy-entropy diagrams
as analysis tool for understanding of the processes that take place in different components of the
steam cycle. For definitions and detailed explanation of enthalpy and entropy the readers are referred
to standard thermodynamic books.

Heat and mass balance can be applied to the parts of the plant or to the whole plant using the principle
of control volume, where the properties of the flows crossing the borders of the control volume need
to be in balance according to the following equations:



The mass balance 2i My, =X Moy,

The energy balance ¥i(m- h)in, = Yi(m- h)out;

. |
m — or ! out
I

Figure 3: The concept of control volume

This principle can be applied to any thermodynamic system. It is clear from figure 3 that information
about mass flows and enthalpies at inlet and outlet of the control volume are needed for calculation
of mass and energy balances.

2.1. Steam properties

Steam is a well-defined working medium and the energy related properties of steam are available in
standard steam tables, and also presented graphically in temperature vs. entropy diagrams (TS-
diagram) and enthalpy vs. entropy diagrams (hS-diagram). The main element of orientation in both
tables and diagrams for steam is the saturation line. The state of saturation is defined by:

- saturated liquid, where addition of heat at constant pressure would result in evaporation and
steam generation

- saturated steam, where removal of heat at constant pressure would result in condensation
and water formation.

In general, TS-diagram is a useful tool for system description, meaning that operation of various
components of the steam cycle can be visualized in a TS-diagram. The hS-diagram is especially useful
for visualization and analysis of the expansion in the steam turbine and compression in the pump, as
well as definition of the component isentropic efficiency.

The figure below shows the schematic TS- diagram for water, with saturation line (the dashed black
line), as well as the constant pressure lines, i.e. the isobars (Pa & Pg). Definition of the critical point,
defined by the critical pressure and temperature for water, i.e. Pgitical = 221.2 bar & Teriticat = 374.15 °C
[properties of water and steam 3™ printing], establishes the criteria for sub- and super critical steam
cycles. The critical point is marked with a blue circle in the figure, on top of the dashed bell of the
saturation line. The characteristic of the subcritical steam cycles (which constitute a much larger share
of the existing steam cycles) is that conversion of water to steam is marked by a distinct boiling process
(shown by the horizontal line between saturated water and saturated steam side in the figure). The
specific characteristic of boiling process is that additional heat input results in steam formation at
constant pressure and temperature, so that the point indicating the state of the working fluid is moving
from left to right and the amount of steam and water is calculated by the rule of leverage. Point 4 in
the figure, which indicates turbine exit is placed within the so called wet region (steam-water mixture).
The state of the working fluid before reaching saturated water is called sub-cooled water and the state
of steam after the saturation line is called super-heated steam (indicated by point 3, which is the inlet
of the turbine). T in the figure below is the mean value of the temperatures T, and Ts.
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Figure 4: Steam cycle components in a TS-diagram

Boiler

Steam turbine

3 Power

Feed water pump

Figure 5: Simple steam cycle

Figure 5 illustrates the components of the simple steam cycle, which are shown in the TS-diagram
following same numbering as in figure 4. P, & Pg indicate the highest and lowest pressure level of the
cycle.

2.2.  Simple steam cycle components and their function

The figure 4 above illustrates the position of the components of the ideal simple steam cycle in a TS-
diagram. It is assumed that the highest and lowest pressures and temperatures of the cycle are known.
The assumption made here is that the system is free from losses (ideal), i.e. no pressure or heat losses
in the components of the system and that the isentropic efficiency of the pump and the turbine is
100%, indicated by vertical lines between points 1 and 2, and between points 3 and 4 respectively in
figure 4. The boiler’s position is indicated in TS-diagram between the points 2 and 3. As one can notice
the pressurized water after the pump is heated up in the boiler to reach the saturation temperature
for the given pressure (sub-cooled region). All the heat input after saturation point is consumed for
evaporation of the liquid at constant temperature (and pressure) until the flow reaches the state of
saturated steam. Further heat input in the boiler results in increased steam temperature (super-heated
steam) prior to boiler exit which is the same as the turbine inlet.



In the following sections axial turbine is assumed as the base for all analysis (if nothing else is
indicated), since it is the dominating type of turbines in the modern power plants. In an axial turbine
the working fluid (steam) moves parallel to the turbine shaft throughout the machine.

|Steam flow directic%

Turbine shaft

Figure 6: Axial steam turbine with steam flow direction

The figure below shows the impact of deviation of the components’ isentropic efficiencies from 100%
(i.e. ms < 100%), which always results in increased entropy between inlet and outlet of the component.

T

Critical Point

S

Figure 7: Impact of turbine and pump efficiencies on expansion and compression lines
(increasing entropy between inlet and outlet of the component)

The real TS and hS diagram for water-steam with colored lines indicating constant pressure,
enthalpy, specific volume and steam quality are shown below:



Figure 8: TS-diagram for water-steam, with highlighted constant pressure, enthalpy, specific volume
and steam quality or dryness factor

Figure 9: hS-diagram for water-steam, with highlighted constant pressure, and steam quality or
dryness factor as well as expansion lines for single (dotted) and reheat turbine

2.3. Efficiency and efficiency improvement

2.3.1. Component efficiencies
Component efficiencies are generally defined as the ratio between the real net output and the
ideal maximum possible output (always less than or equal to 1!). However, various settings fits
various components and therefore the differences in the equations’ outlook. Component
efficiencies are the indicators of the technology level of the component, i.e. high efficiency
means high technology level.



2.3.1.1. Boiler
Boiler efficiency is defined as the total temperature difference between the maximum
combustion temperature (Tmax) and the exhaust gas temperature at the chimney (Tchimney),
divided by the temperature difference between the maximum temperature (Tmax) and the
atmospheric temperature (Tatm).

_ Tnax — Tchimney

Tmax - Tatm

Generally speaking, reduction of the exhaust gas temperature released to the atmosphere
increases the boiler’s efficiency. However, one should also take into account the acid dew
point, e.g. in case of sulfur containing fuels the exhaust temperature should not be lower than
130 °C to avoid acid corrosion attack on the chimney.

2.3.1.2. Steam turbine and pump
As shown in previous section, efficiency of the turbomachinery components (i.e. turbine and
pump), which depends on their detailed design, has certain impact on the cycle efficiency. The
best way to define and visualize the expansion and compression efficiencies of these
components is using the enthalpy-entropy diagram (hS-diagram).

For the turbine, the real expansion line is shown in figure 10 by the solid red line connecting
the Pi, and P, isobars, and the ideal expansion line (ns = 100%) is shown by the vertical red
dotted line indicating constant entropy between inlet and outlet of the turbine. Deviation from
100% efficiency results in increased entropy at the outlet of the turbine as it is indicated in the
hS-diagrams below (Sout > Sin):

h[kike]

in

out

s [ki/kg, K]

Sin Sout

Figure 10: Expansion in the turbine, between inlet and outlet pressure

Using the notifications given in the figure above, the isentropic expansion efficiency can be
expressed as:

hin - hout

s = hin - hs

which is always less than or equal to 1. It expresses that the real enthalpy change between
inlet and outlet of the turbine (useful work indicator, considering constant mass flow rate
through the turbine) divided by the total available enthalpy difference between inlet and
outlet at 100% efficiency, which is a measure of effectiveness for the turbine, also called the
isentropic expansion efficiency ns.



In the same way, one can express the isentropic efficiency of a pump. It should be observed
that certain portion of the input power is converted to pressure rise in the working fluid, and
the outlet pressure will therefore be higher than the inlet pressure:

Iy h Pou‘l‘

>
»

Figure 11: compression in the pump, between inlet and outlet pressure

hs - hin

Ns =7——5—
s hout - hin

Beside improved component efficiencies, which can be realized by improved design of the
component, one can also improve the system design via alternative modifications to the
system layout. Here we will focus on two methods applied to the cycle, namely regenerative
cycle and reheat cycle.

Before analysis of these two methods, one need to present an expression for the system
efficiency so that we can identify the source of the improvement. System efficiency or cycle
efficiency is defined as the net power generated, divided by the total energy input to the cycle.
Usually the control volume method is used to illustrate the system boundaries and thereby the
amount of energy input and power output that crosses the system boundary (see the figure
below).

Steam turbine

3

I
i\ Power} Net power

Qin

Feed water pump

Figure 12: Energy exchange over the system boundary, covering only the steam side

Net power out
Nsteam cycle =
Qin

10



It means that the electricity generated minus the auxiliary power, e.g. used for running the
feed water pump, etc., divided by heat input by the fuel (expressed as fuel mass flow rate
multiplied with the fuels lower heating value) minus the heat rejected to the surrounding in

the condenser expresses the cycle efficiency.

2.3.2. Cycle efficiency improvement

2.3.2.1. Pre-heating (Regenerative cycle)

Regeneration, means using the internal energy of the system to boost the system’s efficiency.
Feed water pre-heating is a regenerative method used in steam cycles. Steam is bled from the
turbine at various pressure levels and used to heat the feed water before entering the boiler.
Hereby the water temperature is increased at entrance to the boiler so that less heat (i.e. fuel
input) would be required to reach the final steam temperature at the boiler’s outlet. However,
steam bleed-off results in less power output, but the total impact leads to efficiency

improvement.

The figure below illustrates the regenerative steam cycle with reheat:

Boiler

LP-turbine

\—_

Condenser

HP-preheater

Figure 13: Regenerative cycle with reheat

One could also illustrate the impact on the efficiency using the TQ-diagram, where the y-axis

shows the temperature and the x-axis shows the amount of heat transferred between the

exhaust gas from the combustion and the water-steam side:

From feed water
pre-heater

Q

Econemizer  Evaporator Super heater Economizer  Evaporator Super heater

Figure 14: Heat transfer from exhaust gas to water side in the boiler

Left: all heat is provided by combustion Right: part of the heat is provided by pre-heater

11



As can be seen in figure 14, the heat input, i.e. the amount of fuel needed to reach the final
steam temperature is reduced due to feed water preheating. Obviously the amount of the
steam that is expanding in the turbine is also reduced, reducing the net power output, but the
impact of pre-heating on system efficiency is higher, resulting in a net improvement of the
cycle efficiency.

2.3.2.2. Reheat cycle

Higher steam data, i.e. pressure and temperature, results also in improved efficiency.
However, the maximum allowable temperature is limited by the material, but pressure can
generally be increased, resulting in size reduction and performance improvement. The
consequence of increased steam pressure is that the steam quality (dryness) at the turbine
exit becomes low, with risk for erosion damage to the turbine blades. To avoid this risk, one
needs to reheat the steam in the boiler, after partial expansion in the turbine. The hS-
diagram below illustrates the reheat process, showing that if the expansion in the HP-turbine
had proceed to Pcong, it should result in excessive liquid content at the turbine outlet (the
dotted line in the figure below).

A

>

Figure 15: Expansion in the turbine and steam quality at the outlet
Interrupting the expansion after the HP-turbine and heating the steam in the boiler to higher
temperature, i.e. reheating the steam, reduces the liquid content of the steam at the turbine
outlet, avoiding erosion problems on the turbine blades. Figure 16 shows the reheat process
in a real hS-diagram.

12
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Reheat cycle in TS

A

Figure 16: Reheat cycle in TS-diagram

2.4. Condensing and backpressure turbine

Steam cycles can be designed for electricity generation only, with so called condensing turbines, or for
combined electricity and heat production, with backpressure turbine. The difference between these
two setups is that condensing turbines carry out the expansion to the condenser pressure level, which
is dictated by the cooling water temperature, but in backpressure turbines, expansion is interrupted
at an elevated pressure that provides steam at a given temperature at the turbine outlet. This steam
can be used for either district heating or as heat source for other industries, such as pulp and paper or
chemical industry.

T

T-Turbine inlet

Backpressure

210

Condense

22 s

Figure 16: The backpressure turbine deliverables steam at 210 C, and the condensing
turbine has temperature of 22 C at turbine outlet

2.4.1. Stage theory
The axial steam turbine consists of nozzle or stator rows (nonmoving blades) followed by a
rotating row of blades (rotor blades), which together constitutes a turbine stage. A steam

13



turbine might have many stages, depending on the pressure difference between inlet and
outlet of the turbine, and the turbine efficiency. Having few turbine stages, results in higher
stage load and consequently lower efficiency due to higher flow velocities and thereby higher
losses. There is a gap between the rotating blades tip and the housing, which is called tip
clearance, defining the flow leakage over the blades. Turbine stage can be designed as action
or reaction stage. The degree of reaction, defining the share of expansion over the stator and
the rotor blades in a turbine stage, indicates the pressure change over the rotor blades to the
pressure change over the whole stage. The figure below shows a turbine stage.

Since change of flow velocities over the stator and rotor blades is an indicator of the energy
exchange between the working medium (steam) and the structure (blades) one can analyze
the conversion of energy content in the working fluid to mechanical work by using the velocity
triangles. Since the change of radius between inlet and outlet of an axial stage is negligible, the
setup below for driving the equations uses a centrifugal pump as base for the analysis, showing
the generality of the approach for all kind of turbo machineries.

Figure 17: Velocity vectors at inlet and outlet of a centrifugal pump

The figure above shows the velocity vectors, C: absolute velocity, U: tangential or blade
velocity and W: relative velocity, r1 and r; are the radius at inlet and outlet respectively. Index
1 indicates the inlet and index 2 the outlet of the blade.

With the notifications from the figure above, one can isolate the velocity triangle at the inlet
to express the geometrical relationships (see the figure below).Using Cir and Cy,, that are the
radial and tangential component of the absolute velocity vector, one can setup the following
equations:

14



Figure 18: Velocity triangles

2

_ 2
C1r -

2
. . . C, —C
Using the red triangle one ca write: 1 T

Using the green triangle (with the sides W1, C1r and U1-c1u) we can write:

2

C, = W12 _(ul —Cy )2

Combining the two equations, putting write hand sides equal to each other one can drive the
following relation:

2 .2 2 2 2
C, —Cy =W, —Uy —C, +2-U,-C,,
That can finally be expressed as:

1/ 2 2
— U, -Gy, ZE(Cl +U, _Wl)

Using the same analogy for the outlet velocity triangle:
1
u,-C,, :E(sz +ul —w;)

Written in compact form between inlet and outlet, we can see that the total enthalpy change
(or work per mass flow rate) of Euler’s turbomachinery equation can be expressed using the
velocity parameters:

1 2
— Ah,=u,-c, —U,-C,, = E[CZ +u? —W2:|1
Expressed as specific effect (effect per mass flow rate) we get the following equation:
P 1
2 =1k - cByH(ud —ud) + WE — wd)

The term with absolute velocity C, expresses change in the fluid’s kinetic energy, i.e. dynamic
pressure. The term with tangential velocity U, expresses energy exchange between fluid and
the rotor, caused by changes in centrifugal forces between inlet and outlet, i.e. static pressure
energy, and the term with relative velocity W, expresses the change in fluid’s energy, equal to
change of its static pressure energy. Therefore, the degree of reaction can be expressed using
this equation as:

2 2 2 2
(ul —u2)+(W2 —Wl)

(=) (w2 -2 )+ (wE —wP)

15



2.4.1.1. Action stage

An action stage is defined by degree of reaction being equal to zero. This means that the
expansion of the steam (i.e. the pressure change between the inlet and outlet of the turbine
stage) occurs only over the stator row (nozzle blades). Therefore, there is no pressure change
over the rotor blades, which means equal pressure between inlet and outlet of the rotor. This
makes the design of the stage easier from a production point of view, since the sealing and
the tip clearance are not an issue any more. However, large pressure change over the stator
results in higher flow velocities and thereby higher losses. Therefor the stage efficiency for
an action stage is lower than stage efficiency for reaction stage with similar data. The figure
below shows the difference between expansion in an action stage and the reaction stage in
a hS-diagram.

€ 1 w.
|C 2
W, |2
Action Reaction / 'I !
z B u u
Same turning angle .
= no expansion! 4 R=0.5

Figure 19A: Action and reaction blading. No expansion (pressure change) over blades of
action stage only turning the flow

Guide vanes Blades

| Petot
| P-stat

! he

<

S

Figure 19B: Property change over an action stage

2.4.1.2. Reaction stage
In a reaction stage the working fluid expands both over the stator and rotor blades,
resulting in a pressure difference over the rotating blades. Therefore it is important to
minimize the gap between the blade tip and the housing, i.e. the tip clearance, to reduce
the leakage of steam over the blade tip, to maintain high stage efficiency. The degree of
reaction might be anything between zero and one, but it is usually about 0.5, so that the
load is shared evenly over the stator and the rotor blades. This will result in lower flow
velocities over both stator and rotor, and thereby reduced flow losses.

16



Guide vanes Blades

1 P-stat
i P-dyn
: ho

Figure 20: A typical steam turbine rotor
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2.5.

Problems: Vapour power cycles

Learning objectives:

NouswnN e

Analysing vapour power cycles in which the working fluid is alternately vaporized and
condensed.

Analysing power generation coupled with process heating called co-generation.

Investigating ways to modify the basic Rankine vapour power cycle to increase the cycle
thermal efficiency.

Analysing the reheat and regenerative vapour power cycles.

Analysing power cycles that consist of two separate cycles known as combined cycles.

Examples 1- 7 are mostly connected to each other and review the “vapour and combined
power cycles” by the following purposes:

The Simple Ideal Rankine Cycle.

An Actual Steam Power Cycle.

Effect of Boiler Pressure and Temperature on Efficiency

The Ideal Reheat Rankine Cycle.

The Ideal Regenerative Rankine Cycle.

The Ideal Reheat—Regenerative Rankine Cycle.

An Ideal Cogeneration Plant.

Examples 8- 14 are classified and dispersed examples from the above-mentioned subjects.
Example 15 is “steam regenerative Rankine cycle with two feed- water heaters”, besides its
EES code for thermodynamic simulation.

Examples 16-18 are geothermal power plants.

3k 2k 3k 3k ok 3k 3k ok 5k 3k ok ok 3k 3k ok 5k 3k ok ok 3k ok ok ok 3k ok 5k ok ok ok ok %k ok ok ok ok k ok
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The Simple Ideal Rankine Cycle

1. Consider a steam power plant operating on the simple ideal Rankine cycle. Steam enters the
turbine at 3 MPa and 350 °C and is condensed in the condenser at a pressure of 75 kPa.
Determine the thermal efficiency of this cycle.

[1en = 26%]

350

3k 3k 3k 3k sk sk 3k 3k 3k 3k ok ok 3k ok 3k 3k ok ok 3k ok ok sk ok ok %k ok ok ok ok sk sk kk sk sk k ok
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An Actual Steam Power Cycle

2. A steam power plant operates on the cycle shown in the figure. If the isentropic efficiency of
the turbine is 87 percent and the isentropic efficiency of the pump is 85 percent, determine
(a) the thermal efficiency of the cycle and (b) the net power output of the plant for a mass flow
rate of 15 kg/s.

[Neh = 36.1%, Wou =18.9 MW]

159MPa ® 152 MPa

625°C

Wiurb,out

Turbine
1y =0.87

w¥

3k 3k 3k 3k sk sk 3k 3k 3k 3k ok ok 3k ok 3k 3k ok ok 3k ok 3k sk ok ok %k ok ok ok ok sk sk kk sk sk k ok

20



Effect of Boiler Pressure and Temperature on Efficiency

3. Consider a steam power plant operating on the ideal Rankine cycle. Steam enters the turbine
at 3 MPa and 350 °C and is condensed in the condenser at a pressure of 10 kPa. Determine (a)
the thermal efficiency of this power plant, (b) the thermal efficiency if steam is superheated
to 600 °C instead of 350 °C, and (c) the thermal efficiency if the boiler pressure is raised to 15
MPa while the turbine inlet temperature is maintained at 600 °C.

[Nin,1 = 33.4%, Nin,2 = 37.3%, Nin,3 = 43%]

T3 = 600°C T3 = 600°C

3 /

(a) (b) (c)

3k 3k 3k 3k 3k 3k 3k ok 3k 3k ok ok 3k 3k ok 3k 3k ok 3k 3k ok ok 3k 3k ok 5k ok ok ok 3k %k %k ok ok kk ok
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The Ideal Reheat Rankine Cycle

4. Consider a steam power plant operating on the ideal reheat Rankine cycle. Steam enters the
high-pressure turbine at 15 MPa and 600 °C and is condensed in the condenser at a pressure
of 10 kPa. If the moisture content of the steam at the exit of the low-pressure turbine is not to
exceed 10.4 percent, determine (a) the pressure at which the steam should be reheated and
(b) the thermal efficiency of the cycle. Assume the steam is reheated to the inlet temperature
of the high-pressure turbine.

[Preheat= 4 MPa, nth = 45%]

T°CA

15 MPa @

», High-P Low-P
\} turbine turbine

wy
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The Ideal Regenerative Rankine Cycle

5. Consider a steam power plant operating on the ideal regenerative Rankine cycle with one open
feed-water heater. Steam enters the turbine at 15 MPa and 600 °C and is condensed in the
condenser at a pressure of 10 kPa. Some steam leaves the turbine at a pressure of 1.2 MPa
and enters the open Feed-water heater. Determine the fraction of steam extracted from the
turbine and the thermal efficiency of the cycle.

[y=0.2270, N:» = 46.3%]

@ 15 MPa

600°C " Turbine T

<@
Pump |

Y
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The Ideal Reheat—Regenerative Rankine Cycle

6. Consider a steam power plant that operates on an ideal reheat-regenerative Rankine cycle
with one open feed-water heater, one closed feed-water heater, and one re-heater. Steam
enters the turbine at 15 MPa and 600°C and is condensed in the condenser at a pressure of 10
kPa. Some steam is extracted from the turbine at 4 MPa for the closed feed-water heater, and
the remaining steam is reheated at the same pressure to 600°C. The extracted steam is
completely condensed in the heater and is pumped to 15 MPa before it mixes with the feed-
water at the same pressure. Steam for the open feed-water heater is extracted from the low-
pressure turbine at a pressure of 0.5 MPa. Determine the fractions of steam extracted from
the turbine as well as the thermal efficiency of the cycle.

[y=0.1766, z= 0.1306 =49.2%,]
y » » nth »

£

15 MPa
600°C

High-P Low-P
turbine

turbine

Reheater @
|
Boiler " Py=P,, =4MPa
l 4 MPa
O 1 -
- Closed
H
Mixing | C? %(
chamber i
1@
@-1 1 T m ¢
@) =@
Pump III\ e Pump ll‘S ==

Pump I

The enthalpies at the various states and the pump work per unit mass of fluid flowing through

them are:

hi= 191.81 ki/kg

he = 3155.0 ki/kg

h, = 192.30 kJ/kg

hlo =3155.0 kJ/kg

hs = 640.09 k/kg

h11 =3674.9 kJ/kg

hs = 643.92 ki/kg

h12 =3014.8 kJ/kg

hs = 1087.4 ki/kg

his = 2335.7 ki/kg

he = 1087.4 ki/kg

Wpump l,in = 0.49 k.]/kg

hy = 1101.2 ki/kg

Wpump Iin = 3.83 kJ/kg

hs = 1089.8 ki/kg

Wpump in= 13.77 k.]/kg
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An Ideal Cogeneration Plant

7.

Consider the cogeneration plant shown in the following figure. Steam enters the turbine at 7
MPa and 500 °C. Some steam is extracted from the turbine at 500 kPa for process heating. The
remaining steam continues to expand to 5 kPa. Steam is then condensed at constant pressure
and pumped to the boiler pressure of 7 MPa. At times of high demand for process heat, some
steam leaving the boiler is throttled to 500 kPa and is routed to the process heater. The
extraction fractions are adjusted so that steam leaves the process heater as a saturated liquid
at 500 kPa. It is subsequently pumped to 7 MPa. The mass flow rate of steam through the
boiler is 15 kg/s. Disregarding any pressure drops and heat losses in the piping and assuming
the turbine and the pump to be isentropic, determine (a) the maximum rate at which process
heat can be supplied, (b) the power produced and the utilization factor when no process heat
is supplied, and (c) the rate of process heat supply when 10 percent of the steam is extracted
before it enters the turbine and 70 percent of the steam is extracted from the turbine at 500
kPa for process heating.

[Qunax = 41570 KW, W,y = 20.0 MW, £=40.8%, Q = 26.2 MW]

7 MPa
500°C

@ | TA
}

Expansion 5‘: A
valve A 1 't

l Turbine

—

Boiler

©)
500 kPa

i 8@ 4

' 5kPa

heater

wy
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Simple Steam Cycle:

8. A simple Rankine cycle uses water as the working fluid. The boiler operates at 6000 kPa and
the condenser at 50 kPa. At the entrance to the turbine, the temperature is 450°C. The
isentropic efficiency of the turbine is 94 percent, pressure and pump losses are negligible, and
the water leaving the condenser is subcooled to 6.3°C less than saturated temperature at 50
kPa. The boiler is sized for a mass flow rate of 20 kg/s. Determine the rate at which heat is

added in the boiler, the power required to operate the pumps, the net power produced by the
cycle, and the thermal efficiency.

[Q= 59660 kW, Wpymp= 122 kW, Whet, out = 18050 kW, ;4 = 30.25%]

W

Turbine [T~

1-4

Condenser
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Consider a steam power plant that operates on a simple ideal Rankine cycle and has a net
power output of 45 MW. Steam enters the turbine at 7 MPa and 500°C and is cooled in the
condenser at a pressure of 10 kPa by running cooling water from a lake through the tubes of
the condenser at a rate of 2000 kg/s. Show the cycle on a T-s diagram with respect to saturation

lines, and determine:

a) The thermal efficiency of the cycle, the mass flow rate of the steam, and the temperature rise
of the cooling water when the isentropic efficiency of the components of the cycle assumed to be

100%.
b) Assuming an isentropic efficiency of 87 percent for both the turbine and the pump.

[nth,a =38.9 %, Msteam,a = 36 kg/S, ATcooling,a =8.4 DC]

[nth,b = 33.8%, msteam’b = 41.43 kg/S, ATcoo“ng,b = 10.5 °C]

a)

b)

¥ Gou

q out

9in

10 kPa

qull
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Regenerative Steam Cycle:

10. The closed feed-water heater of a regenerative Rankine cycle is designed to heat feed-water
at 7 MPa from 260°C to a saturated liquid. The turbine supplies bleed steam at 6000 kPa and
325°C to this unit. The steam is condensed to saturated liquid before entering the pump.
Calculate the amount of bleed steam required to heat 1 kg of feed-water in this unit to the
desired condition.

[m3 =0.0779 kg/s]

Steam
6000 kPa

[ 1
]
| It j
7000 kPa! \Feedwater
sat. lig. 17000 kPa

1260°C
I
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11. Consider a steam power plant that operates on the ideal regenerative Rankine cycle with a
closed feedwater heater as shown in the figure. The plant maintains the turbine inlet at 3000
kPa and 350°C; and operates the condenser at 20 kPa. Steam is extracted at 1000 kPa to serve
the closed feedwater heater, which discharges into the condenser after being throttled to
condenser pressure. Calculate the work produced by the turbine, the work consumed by the
pump, and the heat supply in the boiler for this cycle per unit of boiler flow rate.

[Wout, turbine= 740.9 kJ/kg, Woump = 3.03 ki/kg, Qin =2353 ki/kg]

A
|
4 4
/
/
va
Boiler | MPa Vv
2 5
Condenser u
1 ¥ 7 8 | L
| Closed
T R )
; fwh N I:(Pump‘ Jout
NS S
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Reheat Steam Cycle

12. Consider a steam power plant that operates on the ideal reheat Rankine cycle. The plant
maintains the boiler at 7000 kPa, the reheat section at 800 kPa, and the condenser at 10 kPa.
The mixture quality at the exit of both turbines is 93 percent. Determine the temperature at
the inlet of each turbine and the cycle’s thermal efficiency.

[Ts = 373.3 °C, Ts = 416.2 °C, ¢ =37.6 %]

Condenser
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13. A steam power plant operates on the reheat Rankine cycle. Steam enters the high-pressure
turbine at 12.5 MPa and 550°C at a rate of 7.7 kg/s and leaves at 2 MPa. Steam is then reheated
at constant pressure to 450°C before it expands in the low-pressure turbine. The isentropic
efficiencies of the turbine and the pump are 85 percent and 90 percent, respectively. Steam
leaves the condenser as a saturated liquid. If the moisture content of the steam at the exit of
the turbine is not to exceed 5 percent, determine (a) the condenser pressure, (b) the net power
output, and (c) the thermal efficiency.

[Pcon = 9.73 kPa, Wnet,out = 10242 kW, nth = 36.9 %]

High-P Low-P
turbine turbine
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14. A steam power plant operates on the reheat-regenerative Rankine cycle with a closed feed-
water heater. Steam enters the turbine at 8 MPa and 500°C at a rate of 15 kg/s and is
condensed in the condenser at a pressure of 20 kPa. Steam is reheated at 3 MPa to 500°C.
Some steam is extracted from the low-pressure turbine at 1.0 MPa, is completely condensed
in the closed feedwater heater, and pumped to 8 MPa before it mixes with the feedwater at
the same pressure. Assuming an isentropic efficiency of 88 percent for both the turbine and
the pump, determine (a) the temperature of the steam at the inlet of the closed feedwater
heater, (b) the mass flow rate of the steam extracted from the turbine for the closed feedwater
heater, (c) the net power output, and (d) the thermal efficiency.

[Ts = 349.9 °C, ms = 2.637 kg/s, Whet, out = 16206 kW, N, =36.7%]

High-P
| turbine

Boiler
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15. Consider an ideal steam regenerative Rankine cycle with two feed-water heaters, one closed and
one open. Steam enters the turbine at 10 MPa and 600 °C and exhausts to the condenser at 10
kPa. Steam is extracted from the turbine at 1.2 MPa for the closed feed-water heater and at 0.6
MPa for the open one. The feed-water is heated to the condensation temperature of the extracted
steam in the closed feed-water heater. The extracted steam leaves the closed feed-water heater
as a saturated liquid, which is subsequently throttled to the open feed-water heater. Show the
cycle on a T-s diagram with respect to saturation lines, and determine (a) the mass flow rate of
steam through the boiler for a net power output of 400 MW and (b) the thermal efficiency of the
cycle.

[m=313 kg/s, Ni» = 45.2 %]

— s =

(2 2o
2 p 1| FWH |G,

@_FWH o= @ T

(D=

Condenser

\\w% 0)

12
-

Pump I ]

EES Code:

"Input Data"

P[8] = 10000 [kPa]

T[8] = 600 [C]

P[9] = 1200 [kPa]

P_cfwh=600 [kPa]

P[10] = P_cfwh

P_cond=10 [kPa]

P[11] = P_cond

W_dot_net=400 [MW]*Convert(MW, kW)

Eta turb= 100/100 "Turbine isentropic efficiency"

Eta turb_hp = Eta_turb "Turbine isentropic efficiency for high pressure stages"
Eta turb_ip = Eta_turb "Turbine isentropic efficiency for intermediate pressure stages"
Eta turb_Ip = Eta_turb "Turbine isentropic efficiency for low pressure stages"
Eta_pump = 100/100 "Pump isentropic efficiency"

"Condenser exit pump or Pump 1 analysis"
Fluid$='Steam_I|IAPWS'

P[1] = P[11]

P[2]=P[10]

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Sat'd liquid}
vl=volume(Fluid$,P=P[1],x=0)
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s[1]=entropy(Fluid$,P=P[1],x=0)

T[1]=temperature(Fluid$,P=P[1],x=0)

w_pumpl_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
w_pumpl=w_pumpl_s/Eta_pump "Definition of pump efficiency"

h[1]+w_pumpl= h[2] "Steady-flow conservation of energy"
s[2]=entropy(Fluid$,P=P[2],h=h[2])

T[2]=temperature(Fluid$,P=P[2],h=h[2])

"Open Feedwater Heater analysis"

z*h[10] + y*h[7] + (1-y-z)*h[2] = 1*h[3] "Steady-flow conservation of energy"
h[3]=enthalpy(Fluid$,P=P[3],x=0)

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]"
s[3]=entropy(Fluid$,P=P[3],x=0)

"Boiler condensate pump or Pump 2 analysis"

P[5]=P[8]

P[4] = P[5]

P[3]=P[10]

v3=volume(Fluid$,P=P[3],x=0)

w_pump?2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume"
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency"

h[3]+w_pump2= h[4] "Steady-flow conservation of energy"
s[4]=entropy(Fluid$,P=P[4],h=nh[4])

T[4]=temperature(Fluid$,P=P[4],h=h[4])

"Closed Feedwater Heater analysis"

P[6]=P[9]

y*h[9] + 1*h[4] = 1*h[5] + y*h[6] "Steady-flow conservation of energy"
h[5]=enthalpy(Fluid$,P=P[6],x=0) "h[5] = h(T[5], P[5]) where T[5]=Tsat at P[9]"
T[5]=temperature(Fluid$,P=P[5],h=h[5]) "Condensate leaves heater as sat. liquid at P[6]"
s[5]=entropy(Fluid$,P=P[6],h=h[5])

h[6]=enthalpy(Fluid$,P=P[6],x=0)

T[6]=temperature(Fluid$,P=P[6],x=0) "Condensate leaves heater as sat. liquid at P[6]"
s[6]=entropy(Fluid$,P=P[6],x=0)

"Trap analysis"

P[7] = P[10]

y*h[6] = y*h[7] "Steady-flow conservation of energy for the trap operating as a throttle"
T[7]=temperature(Fluid$,P=P[7],h=h[7])

s[7]=entropy(Fluid$,P=P[7],h=nh[7])

"Boiler analysis"

g_in + h[5]=h[8]"SSSF conservation of energy for the Boiler"
h[8]=enthalpy(Fluid$, T=T[8], P=P[8])

s[8]=entropy(Fluid$, T=T[8], P=P[8])

"Turbine analysis"

ss[9]=s[8]

hs[9]=enthalpy(Fluid$,s=ss[9],P=P[9])

Ts[9]=temperature(Fluid$,s=ss[9],P=P[9])

h[9]=h[8]-Eta_turb_hp*(h[8]-hs[9])"Definition of turbine efficiency for high pressure stages"
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T[9]=temperature(Fluid$,P=P[9],h=h[9])

s[9]=entropy(Fluid$,P=P[9],h=h[9])

ss[10]=s[8]

hs[10]=enthalpy(Fluid$,s=ss[10],P=P[10])
Ts[10]=temperature(Fluid$,s=ss[10],P=P[10])

h[10]=h[9]-Eta_turb_ip*(h[9]-hs[10])"Definition of turbine efficiency for Intermediate pressure

stages"

T[10]=temperature(Fluid$,P=P[10],h=h[10])
s[10]=entropy(Fluid$,P=P[10],h=h[10])

ss[11]=s[8]

hs[11]=enthalpy(Fluid$,s=ss[11],P=P[11])
Ts[11l]=temperature(Fluid$,s=ss[11],P=P[11])

h[11]=h[10]-Eta_turb_lp*(h[10]-hs[11])"Definition of turbine efficiency for low pressure stages"

T[11]=temperature(Fluid$,P=P[11],h=h[11])
s[11]=entropy(Fluid$,P=P[11],h=h[11])
h[8] =y*h[9] + z*h[10] + (1-y-z)*h[11] + w_turb "SSSF conservation of energy for turbine"

"Condenser analysis"

(1-y-2)*h[11]=q_out+(1-y-z)*h[1]"SSSF First Law for the Condenser"

"Cycle Statistics"

w_net=w_turb - ((1-y-z)*w_pumpl+ w_pump2)

Eta_th=w_net/g_in

W _dot_net=m_dot *w_net

Nturb Nth m [kg/s]
0.7 0.3834 369
0.75 0.397 356.3
0.8 0.4096 3454
0.85 0.4212 335.8
0.9 0.4321 327.4
0.95 0.4423 319.8
1 0.452 313
Npump Nth m [kg/s]
0.7 0.4509 313.8
0.75 0.4511 313.6
0.8 0.4513 313.4
0.85 0.4515 313.3
0.9 0.4517 313.2
0.95 0.4519 313.1
1 0.452 313
Pcrwh [kPa] Yy 4
100 0.1702 0.05289
200 0.1301 0.09634
300 0.1041 0.1226
400 0.08421 0.1418
500 0.06794 0.1569
600 0.05404 0.1694
700 0.04182 0.1801
800 0.03088 0.1895
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900 0.02094 0.1979
1000 0.01179 0.2054
0.46
0.45
0.44
0.43
S 0.42
c
0.41
0.4
0.39
0.38 . . . . . .
0.7 0.75 0.8 0.85 0.9 0.95 1
Mturb
The effect of turbine efficiency on the cycle thermal efficiency.
370 T r T T T T
360
350
z - -
g 340
E 330
320
310 . . . . . .
0.7 0.75 0.8 0.85 0.9 0.95 1
MNturb
The effect of turbine efficiency on the mass flow rate.
0.4522 313.8
0.452 J313.7
313.6
0.4518 1
313.5
< 0.4516 313.4
= )l
0.4514 313.3
313.2
0.4512 ]
313.1
0.451 313
0.4508 312.9

m [kg/s]
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0.18

The effect of pump efficiency on the cycle thermal efficiency.
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16.

—_—

T®

The schematic of a single-flash geothermal power plant with state numbers is given in the
figure. Geothermal resource exists as saturated liquid at 230 °C. The geothermal liquid is
withdrawn from the production well at a rate of 230 kg/s and is flashed to a pressure of 500
kPa by an essentially isenthalpic flashing process where the resulting vapor is separated from
the liquid in a separator and is directed to the turbine. The steam leaves the turbine at 10 kPa
with a moisture content of 10 percent and enters the condenser where it is condensed; it is
routed to a reinjection well along with the liquid coming off the separator. Determine

(a) Mass flow rate of steam through the turbine,

(b) The isentropic efficiency of the turbine,

(c) The power output of the turbine,

(d) The thermal efficiency of the plant (the ratio of the turbine work output to the energy of
the geothermal fluid relative to standard ambient conditions).

[Meurbine = 38.2 kg/s, Nturbine = 68.6%, Wiyrbine = 15410 kW, N = 7.6%]
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17. Reconsider Prob. 16. Now, it is proposed that the liquid water coming out of the separator be
routed through another flash chamber maintained at 150 kPa, and the steam produced be
directed to a lower stage of the same turbine. Both streams of steam leave the turbine at the
same state of 10 kPa and 90 percent quality. Determine (a) the temperature of steam at the
outlet of the second flash chamber, (b) the power produced by the lower stage of the turbine,

and (c) the thermal efficiency of the plant.

[T,=11.35°C, W = 5191 kW, N, = 10.1 %]
7 » T2, out ’ nth

|
3
| Steam
8 turbin
> Separator 4
2 —
7
6 Condenser
§§ Separator
Flash Flash 9 >
chamber Chamber [ -~
- 1 v
Production Reinjection
well

well
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18. Reconsider Prob. 16. Now, it is proposed that the liquid water coming out of the separator be
used as the heat source in a binary cycle with isobutane as the working fluid. Geothermal liquid
water leaves the heat exchanger at 90°C while isobutane enters the turbine at 3.25 MPa and
145°C and leaves at 80°C and 400 kPa. Isobutane is condensed in an air-cooled condenser and
then pumped to the heat exchanger pressure. Assuming an isentropic efficiency of 90 percent
for the pump, determine (a) the mass flow rate of isobutane in the binary cycle, (b) the net
power outputs of both the flashing and the binary sections of the plant, and (c ) the thermal
efficiencies of the binary cycle and the combined plant. The properties of isobutane may be
obtained from EES.

[misobutane =105.46 kg/s, Wnet, steam — 15410 kW, Wnet, binary = 6139 kW, nth =10.6 %]
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A Condenser
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3. Boiler and heat transfer

There are many technical solutions for boiler design, depending on fuel type and the circulation
principle. For solid fuel based boilers, fuel feeding system is usually the challenging part from a practical
point of view. However, for gas fired boilers the fuel handling part is not an issue. Combustion of
natural gas is presented in the next chapter, gas turbine. It is more important to design the heat
transfer surfaces correctly, since the radiation from gas fuels is much lower than the liquid and solid
fuels.

3.1. Boiler

Generally a boiler can be characterized by the hot gas passage and placing of the heat transfer surfaces
(i.e. evaporator, super heaters, economizer and the air preheater) in the hot gas passage. What is
important here is that there is sufficient material cooling for heat transfer surfaces, which depends on
the heat transfer between the exhaust gas and various phases of water-steam. Since highest energy
absorption by water-steam takes place during the boiling, the evaporator surfaces are placed at the
hottest part of the boiler, i.e. the combustion zone. The super heater surfaces and the economizer are
placed in sequence after the evaporator. The schematic figure below shows the boiler with various
heat transfer surfaces in a drum based boiler.
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I
I

N\ heater :

Furnace &
Evaporator

PYTTS SN

Figure 21: Schematic drawing of a boiler with heat transfer surfaces
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Qin

Figure 22: Internally fired boiler, 1933

The drum is a vessel where water and steam are separated after the evaporator, so that dry steam is
delivered to the super heaters and the water is recirculated to the evaporator. The drum based boiler
enables natural circulation, which is based on the principle of density difference as function of
temperature. Since cold water has higher density, the hot water-steam is rising in the tubes causing
circulation, as shown in the schematic figure below. The circle indicates cut through of the drum, which
is a cylinder shaped pressure vessel.

Figure 23: Schematic figure of natural circulation, and picture of a drum

3.1.1. Heat transfer
In this section a brief presentation of the heat transfer calculations is given for orientation
purposes. For detail explanation of the impact of various factors, such as shape and geometry
of the heat transfer surface the readers are referred to text books on heat transfer.

Heat transfer through a flat plate can be expressed by following equations and is illustrated by
the figure below.

O=n-Mh=ri-c, At
0=K- 46,
11 1 1
Ko ia
Re=w-d,-p/n
Pr=n-C,/2
Nu=a-d /A
Nu=A-Re’-Pr-D

P
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Figure 24: Schematic figure for heat transfer through a flat plate

0.054
For turbulent flow in a pipe with warming up water: Ny = 0.032- Re%®. pr0-37(ij
L

For flow over a tube bundle in Re= 103 to 2.105 the heat transfer coefficient due to
convection can be calculated using: Nu = 0.254 - Re®*®. pr®

Upin

c-out

o 19

9. — (th—in - tc—out) - (th—out - tc—in) tein
m In (th—in — tc—out)
(th—out - tc—in)

Figure 25: Schematic figure of natural circulation, and picture of a drum

Where o, = Heat convection coefficient [W/m2.°C]
A = Thermal conductivity [W/m .°C]
w = Flow velocity [m/s]
1 = Dynamic viscosity [kg/m.s]
p = Density [kg/m?], Q=Heat flux [kW], rii=mass flow rate [kg/s],
di=inner dimeter [m], Om=logarithmic mean temperature
Re: Reynolds number, Pr: Prandtl number, Nu: Nusselt number

The thickness of the boundary layers on both side of flat wall, as well as the type of the fluid
on each side plays important role for the effectiveness of the heat transferred through the
surface. Generally speaking, boiling water has highest heat absorption capacity, but calculation
of the heat transfer coefficients in boiling region is rather complicated. Liquid water is the
second best heat absorber followed by steam as coolant. Therefore, the resistance for heat
transfer is highest for gas to gas heat exchangers, resulting in big and bulky units. In the figure
above it is assumed that hot exhaust gas and water are exchanging heat through a flat plate.

Using the parameters presented in the figure, one can setup the equations needed for heat
transfer calculations.

3.1.2. Air pre-heater
As discussed in section 2.3.2.2, steam cycles are designed with a number of pre-heaters.
Consequently, the incoming water to the boiler is arriving at higher temperature, which
reduces the opportunity for cooling the exhaust gases efficiently. This could result in lower
boiler efficiency, if the exhaust gas wouldn’t be cooled by an air pre-heating. The combustion
air is heated in an air pre-heater after the economizer surfaces (following the exhaust gas flow
through the boiler towards the chimney). Higher air temperature means lower fuel
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consumption to reach the final steam temperature which contributes to improved efficiency.
The figure below illustrates the impact of the air pre-heater, using a TS-diagram.

Exhaust gas

\

v

Air pre-heater Evaporator
Superheater

Figure 26: Heat transfer in various parts of the boiler, including air pre-heater

| should be observed that in heat recovery steam generators (HRSG), as will be discussed in
combined cycle section, no combustion takes place in HRSG and thereby the number of feed-
water pre-heaters are limited to one dearator, where non-condensable gases are separated
from the steam-water in a direct contact heat exchanger. The incoming steam and water are
at same pressure and leave the component at same temperature.

T
1

.

Figure 27: Schematic figure of dearator and the heat transfer process

Q
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3.1.3. Problem: Heat Transfer

Learning Objectives:

Recognize the role of heat exchanger.

Heat transfer coefficient.

Obtain a relation for the logarithmic mean temperature difference for use in the LMTD
method.

Effect of heat transfer area.

Efficiency of the heat exchanger.

Perform a general energy analysis on heat exchangers.

Example 1 & 2 are provided to introduce the concept of one dimensional “heat transfer
coefficient” and “heat resistance”.

Example 3-9 are mostly connected in calculation of heat transfer coefficient and required
area for heat transfer as well as required amount of utility to achieve desired condition in
heat exchangers.

Example 10 is “Heat Exchanger fed by geothermal source”, besides its EES code for
thermodynamic simulation.

3k 3k 3k 3k 3k ok ok sk ok ok ok ok ok ok sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk k sk sk sk k
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The concept of heat transfer and heat resistance

1. Consider a 0.8-m-high and 1.5-m-wide wall with a thickness of 8 mm and a thermal
conductivity of k =0.78 W/m - °C. Determine the steady rate of heat transfer through this wall
and the temperature of its inner surface fluid is maintained at 20°C while the temperature of
the outer surface fluid is -10°C. Take the heat transfer coefficients on the inner and outer
surfaces of the window to be h; = 10 W/m2 - °C and h, = 40 W/m2 - °C, which includes the
effects of radiation.

[Q= 226 W, Tinner surface = -2.2 oc]

=~ Wall

20°C

\i
\ I
;—IU C

hy=10 W/m?°C hy=40 W/m?2-°C

L=8mm

i ‘Wall
Ty a—vmdi—dvin—s Top
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2. Steam at 320°Cflows in a stainless steel pipe (k_15W/m - °C) whose inner and outer diameters
are 5 cm and 5.5 cm, respectively. The pipe is covered with 3-cm-thick glass wool insulation (k
_0.038 W/m - °C). Heat is lost to the surroundings at 5°C by natural convection and radiation,
with a combined natural convection and radiation heat transfer coefficient of 15 W/m2 - °C.
Taking the heat transfer coefficient inside the pipe to be 80 W/m2 - °C, determine the rate of
heat loss from the steam per unit length of the pipe. Also determine the temperature drops
across the pipe shell and the insulation.

[Q=93.9 W, ATpipe= 0.095°C, ATinsutation = 290°C]
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Overall Heat Transfer Coefficient of a Heat Exchanger

3. Hotoil is to be cooled in a double-tube counter-flow heat exchanger. The copper inner tubes
have a diameter of 2 cm and negligible thickness. The inner diameter of the outer tube (the
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shell) is 3 cm. Water flows through the tube at a rate of 0.5 kg/s, and the oil through the shell
at a rate of 0.8 kg/s. Taking the average temperatures of the water and the oil to be 45°C and

80°C, respectively, determine the overall heat transfer coefficient of this heat exchanger.

[U=74.5 W/m2 K]

Nusselt number for fully developed
laminar flow in a circular annulus
with one surface insulated and the

Hot oil other isothermal (Kays and Perkins,
0.8 kg/sl 1972)

D/D, Nu;, Nu,

Cold
water_| 0 8'82 17.46 2'82
—( 2cm  [3cm 9> 010 11.56 411
0.5 kg/s Y | 0.25 7.37 4.23
0.50 5.74 4.43
vlv 1.00 4.86 4.86
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Effect of Fouling on the Overall Heat Transfer Coefficient

4. A double-pipe (shell-and-tube) heat exchanger is constructed of a stainless steel (k = 15.1
W/m.K) inner tube of inner diameter D; = 1.5 cm and outer diameter D, = 1.9 cm and an outer
shell of inner diameter 3.2 cm. The convection heat transfer coefficient is given to be h; = 800
W/m?2.K on the inner surface of the tube and h, = 1200 W/m?.K on the outer surface. For a
fouling factor of Rs ;= 0.0004 m2.K/W on the tube side and R ,= 0.0001 m2.K/W on the shell
side, determine (a) the thermal resistance of the heat exchanger per unit length and (b) the
overall heat transfer coefficients, U; and U, based on the inner and outer surface areas of the
tube, respectively.

[R=0.0532 °C/W, U; = 399 W/m? .K, U, = 315 W/m? K]

Cold fluid
QOuter layer of fouling
Tube wall
Hot [nner layer of fouling
fluid Cold fluid

Hot
fluid ‘ ﬁ/
-/ ¥y 0)—>

\ |

>0
.f.
\
%:J D;=15cm
h; = 800 W/m?*K

R¢ ;= 0.0004 m*K/W

D,=19cm
h, = 1200 W/m”> K
R; ,=0.0001 m*K/W
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Logarithmic Mean Temperature Difference

5. A counter current concentric tube heat exchanger is used to cool the lubricating oil for a large
industrial gas turbine engine. The flow rate of the cooling water through the inner tube (D; =
25 mm) is 0.2 kg/s, while the flowrate of the oil through the outer annulus (D, =45 mm) is 0.1
kg/s. the oil and the water are enter at temperatures of 100 °C and 30 °C respectively. How
long must the tube be to made if the outlet temperature of the oi; is to be 60 °C?

[L=65.9 m]
0il |
—
Water | . mm- 4> mm
| I -
Ly |
T, = 100°C

=
M~
]—}?,0: 6OOC
i, = 0.2 kg/s
T. —— B
T.;=30°C
X
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6. Hot exhaust gases of a stationary diesel engine are to be used to generate steam in an
evaporator. Exhaust gases (C, = 1051 J/kg - °C) enter the heat exchanger at 5502C at a rate of
0.25 kg/s while water enters as saturated liquid and evaporates at 2002C (hg = 1941 ki/kg).
The heat transfer surface area of the heat exchanger based on water side is 0.5 m? and overall
heat transfer coefficient is 1780 W/m? - °C. Determine the rate of heat transfer, the exit
temperature of exhaust gases, and the rate of evaporation of water.

[Q= 88.85 kW, Tehaust out = 211.8°C, Meya = 0.0485 kg/s]

+ Water
:r] 200°C
]—'I'LOUI
I — -
k::::::::::3,
f:‘
:;:
(——— 550°C
= 3 ———
Exhaust
gases

200°C +
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7. Steam in the condenser of a steam power plant is to be condensed at a temperature of 50°C
(hgg = 2305 kJ/kg) with cooling water (C, =4180 J/kg-°C) from a nearby lake, which enters the
tubes of the condenser at 18°C and leaves at 27°C. The surface area of the tubes is 58 m?, and
the overall heat transfer coefficient is 2400 W/m? - °C. Determine the mass flow rate of the
cooling water needed and the rate of condensation of the steam in the condenser.

[mcooling water = 73.1 kg/S, Mcondensation =1.15 kg/S ]

+ Steam
7] 50°C
27°C

E S ——
c )

)
C S
pz D,
b ) 0
f( 2/ 18 C
S S ——

L, Water
50°C *
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8. Water at the rate of 3.783 kg/s is heated the temperature of 55 °C in a shell-and-tube heat
exchanger. On the shell side one pass is used with water as the heating fluid, 1.892 kg/s,

entering the exchanger at 93.33 °C. The overall heat-transfer coefficient is 1419 W/m2 - °C,

and the average water velocity in the 1.905-cm diameter tubes is 0.366 m/s. the efficiency of
the heat exchanger is reduced to 60% due to fouling phenomenon. Because of space
limitations, the tube length must not be longer than 8 ft [2.438 m]. Calculate the minimum
allowable temperature of the cold stream entering to the heat exchanger, the number of
passes, the number of tubes, and the length of the tubes, consistent with this restriction.

[Tmin =37.78 °C, Npass=2, Ntubes =36, Lubes =1.646 m]
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Heating Water in a Counter-Flow Heat Exchanger

9. A counter-flow double-pipe heat exchanger is to heat water from 20°C to 80°C at a rate of 1.2
kg/s. The heating is to be accomplished by geothermal water available at 160°C at a mass flow
rate of 2 kg/s. The inner tube is thin-walled and has a diameter of 1.5 cm. If the overall heat
transfer coefficient of the heat exchanger is 640 W/m? .K, determine the length of the heat
exchanger required to achieve the desired heating.

[L=109 m]
Hot
geothermal 5
water J’I()O ¢
2 kgls
Cold
water |
—0 N >
20°C \ | 80°C
1.2 kg/s \D: 1.5¢cm
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10. A double-pipe parallel-flow heat exchanger is to heat water (cp = 4180 J/kg.K) from 25°C to
60°C at a rate of 0.2 kg/s. The heating is to be accomplished by geothermal water (cp = 4310
1/kg.K) available at 140°C at a mass flow rate of 0.3 kg/s. The inner tube is thin-walled and has
a diameter of 0.8 cm. If the overall heat transfer coefficient of the heat exchanger is 550
W/m?2.K, determine the length of the tube required to achieve the desired heating.

[L=25.5 m]

The problem is solved using EES, and the solution is given below.

"GIVEN"

T w_in=25[C]

T w_out=60 [C]
m_dot_w=0.2 [kg/s]
C_p_w=4.18 [ki/kg-C]
T _geo_in=140[C]
m_dot_geo=0.3 [kg/s]
C_p_geo=4.31 [kl/kg-C]
D=0.008 [m]

U=0.55 [kW/mA2-C]

"ANALYSIS"

Q_dot=m_dot_w*C_p_w*(T_w_out-T_w_in)
Q_dot=m_dot_geo*C_p_geo*(T_geo_in-T_geo_out)
DELTAT_1=T geo_in-T_w_in
DELTAT_2=T_geo_out-T_w_out
DELTAT_Im=(DELTAT_1-DELTAT_2)/In(DELTAT_1/DELTAT 2)
Q_dot=U*A*DELTAT Im

A=pi*D*L
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Teenm [c] L [ln]

100 53.73

105 46.81

110 41.62

115 37.56

120 34.27

125 31.54

130 29.24 —

135 27.26 E

140 25.54 =

145 24.04 ~

150 227

155 21.51

160 20.45

165 19.48

170 18.61

175 17.81

180 17.08 r

185 16.4 10 ' L ' L . L . L .
190 15.78 100 120 140 160 180 200
195 15.21

The effect of geothermal temperature on the required length for heat transfer

mEE‘O [kg/s] L [m] 50 T T T T T T T

0.1 46.31 I }
0.125 35.52

0.15 31.57 45

0.175 2944

02 28.1 40

0.225 27.16 —

0.25 26.48 E 5

0.275 25.96 3

03 25.54

0.325 25.21 30

0.35 2493

0.375 24.69 25

04 2449

0.425 24.32 r il
0.45 24.17 e
0475 2404 0.1 015 0.2 0.2"5 03 035 04 045 05
0.5 2392 mgeo [kgls]

The effect of geothermal mass flow rate on the required length for heat transfer
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4. The gascycle

Gas turbines are fast starting, compact energy conversion technologies, utilizing many advanced
technologies to maintain high performance and lifetime. Since the compressor takes in air from the
atmosphere and the exhaust gas from the expander is rejected to the atmosphere, the gas turbine
cycle is called open cycle or air breading machine.

The figure below shows schematic of a simple gas turbine, consisting of a compressor, combustion
chamber and expander (also called turbine). Air at atmospheric pressure is compressed to high-
pressure level in the compressor. Mixture of fuel and air is combusted in the combustion chamber
generating hot exhaust gas at high pressure, which is expanded in the turbine, generating mechanical
work (as rotating shaft) that drives the compressor and the surplus is converted to electricity via a

genera tor.
Compressor _&_ Expander
2 3

4

Hz0, €0z Nz.0:

Figure 28: Ideal gas turbine cycle with 100% compressor and expander efficiency (AS=0)

4.1. Gas properties

Different from the steam cycle which has a well-defined working fluid, the working fluid in both
compressor (air with changing properties such as humidity, pressure and temperature) and expander
(exhaust gas composition is affected by amount and composition of fuel, as well as amount of cooling
air) are changing by load and environmental conditions. Therefore, system analysis for gas cycles
requires calculation of thermodynamic properties of the working fluid for each specific setting. This
will be discussed more in detail in the chapter on combustion, where the calculation of thermodynamic
properties of gas mixtures will be carried out in an example.

The basic thermodynamic relations needed for simple calculations are listed below:

Total enthalpy can be expressed as hy =c¢, Ty
2
And also as sum of the static and dynamic part hy=h+ %
For a perfect gas, the static enthalpy can be written as h=c, T
h 2
Therefore the total temperature can be expressed as Ty, = C—O =T+ %
p 14

These equations are used to explain changes in fluid properties through the turbomachinery stage. As
one can see the relation between temperature and enthalpy can be considered as a constant
multiplier. Therefore, system analysis for gas turbine cycles are usually presented in TS-diagrams only.

4.2. Simple ideal gas turbine cycle
The simple open gas turbine cycle of figure X above is presented in the TS-diagram:
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Compressor _ﬁ_ Expander
2 3

4

1 Air

H20, €02 Nz, 02

Figure 29: Ideal gas turbine cycle with 100% compressor and expander efficiency (AS=0)

The assumptions for the ideal gas turbine presented above are no pressure loss, no heat loss, 100%
component’s efficiency, constant mass flow (neglecting the fuel mass flow), negligible change in kinetic
energy and constant cp-value for the working fluids between inlet and outlet of the components.
Using the control volume principle and the basic equations presented above one can express the
energy exchange per mass flow rate as change of temperature over the components. Using the
numbers in the figure above as index, we can write:

Compressor: W, =T,—-T;
Combustion chamber: Qcc =Tz — T,
Turbine (Expander): We=T,—T;
Net work output __ (Ty—T3)—(T,—Ty)

Using the definition of cycle efficiency : n = Heat input P
3712

Introducing the pressure ratio as m=pmax/Pmin and the y=c,/c, we can express the cycle efficiency as (see
appendix 1 for driving the final expression):

1

n=1- T-D/y

The specific work, using the temperature ration T3/T;1=t, can be expressed as:

= _— ) — (V—l)/Y_
cp-T1 t(l n(y—l)/y) (m D

Parameter variation for pressure ratio and the temperature ratio shows the performance variation as
function of © with t as parameter (1=1-12 and t=1-5).

80 T

@
o
T
L

Efficiency (%)

1= 1.66 1

20 o B

[Plotted by EES (M. Assadi)|

0 5 10 15 20
Pressure ratio (r)

(a)
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-
- o

Specific work output Wic, T4
o
w

t=5 —
w—fi= 4 -

Pressure ratio

(b)

Figure 30: Efficiency and specific work output

12

The figure shows that for an ideal cycle, efficiency is increasing with increasing n. For specific power,

which gives an indication about plant size versus power output, there is an optimum value for each t

and certain pressure ratio.
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4.3.

Problems: Gas Power Cycle

Learning Objectives:

VI.
VII.

10.
11.

e Solve problems based on the Brayton cycle; the Brayton cycle with regeneration.
e Net work output and thermal efficiency of the cycle.
e Net Power Generation and cycle’s Thermal Efficiency.

Examples 1- 4 are mostly connected to each other and review the “Brayton cycle” by the
following purposes:

The Simple Ideal Brayton Cycle.

An Actual Gas Power Cycle.

An Actual Gas Turbine with Regeneration

A Gas Turbine with Reheating and Intercooling

Examples 5 and 6 are classified and dispersed examples from the above-mentioned subjects.
Example 7 is “An Actual Gas Turbine with Regeneration”, besides its EES code for
thermodynamic simulation.

3k 3k 3k 3k sk sk sk 3k 3k 3k sk sk sk 3k 3k 3k ok sk sk ok ok ok ok ok ok ok ok ok ok sk sk sk ok sk sk ok
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The Simple Ideal Brayton Cycle

1. A gas-turbine power plant operating on an ideal Brayton cycle has a pressure ratio of 8. The
gas temperature is 300 K at the compressor inlet and 1300 K at the turbine inlet. Utilizing the
air-standard assumptions, determine (a) the gas temperature at the exits of the compressor
and the turbine, (b) the back work ratio, and (c) the thermal efficiency.

[T2=540 K, T4 = 770 K, rpw = 0.403, N, = 42.6%)

Qin

@ ®

T, KA

1300

Compressor

300

=]
g
> 4
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An Actual Gas-Turbine Cycle

2. Assuming a compressor efficiency of 80 percent and a turbine efficiency of 85 percent,
determine (a) the back work ratio, (b) the thermal efficiency, and (c) the turbine exit
temperature of the gas-turbine cycle discussed in previous example.

[rwb =0.592, N = 26.6 %, T4 = 853 K]

T, KA

w Y
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Actual Gas-Turbine Cycle with Regeneration

3. Determine the thermal efficiency of the gas-turbine described in previous if a regenerator

having an effectiveness of 80 percent is installed.

[Nth =36.9 %]

T.KA

1300 p————————————— < :

300 ——

Gregen = Dsaved

B 4

@ Regenerator
1
GHE I —
- AAA Combustion
é) chamber
L |

Compressor

<SI>

Turbine
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A Gas Turbine with Reheating and Intercooling

4. Anideal gas-turbine cycle with two stages of compression and two stages of expansion has an
overall pressure ratio of 8. Air enters each stage of the compressor at 300 K and each stage of
the turbine at 1300 K. Determine the back work ratio and the thermal efficiency of this gas-
turbine cycle, assuming (a) no regenerators and (b) an ideal regenerator with 100 percent
effectiveness. Compare the results with those obtained in previous example.

[row,1 = 0.304, N, 1= 35.8%, row,2 = row,1, Nin, 2= 69.6 %]

T, KA

1300

300

Qreheat

Combustion|

@ chamber
Compressor Compressor !\
v
©) ®

AW

Intercooler

w Y

r=| Reheater
|

Turbine |

Turbine 11
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The Simple Ideal Brayton Cycle

5.

Air is used as the working fluid in a simple ideal Brayton cycle that has a pressure ratio of 12,
a compressor inlet temperature of 300 K, and for the specific fuel composition, the air flue
ratio is 82 (the air fuel ratio vs. turbine inlet temperature is shown in the diagram below) (and
a turbine inlet temperature of 1000 K). Determine the required mass flow rate of air for a net
power output of 70 MW, assuming both the compressor and the turbine have an isentropic
efficiency of (a) 100 percent and (b) 85 percent. Assume constant specific heats at room
temperature.

[midea| =352 kg/s, Mactual = 1037 kg/s]

Fuel —

Combustion
chamber

|
(%]

P>

Exhaust
gases @
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A gas-turbine power plant operates on a modified Brayton cycle shown in the figure with an
overall pressure ratio of 8. Air enters the compressor at 0°C and 100 kPa. The air fuel ratio for
that specific fuel adding into the combustion chamber is 47 (The maximum cycle temperature
is 1500 K). The compressor and the turbines are isentropic. The high pressure turbine develops
just enough power to run the compressor. Assume constant properties for air at 300 K with c,
=0.718 ki/kg. K, cp, = 1.005 ki/kg. K, R = 0.287 ki/kg. K, k = 1.4. (a) Sketch the T-s diagram for
the cycle. Label the data states. (b) Determine the temperature and pressure at state 4, the
exit of the high pressure turbine. (c) If the net power output is 200 MW, determine mass flow
rate of the air into the compressor, in kg/s.

[Ts = 1278.5 K, P4 = 457.3 kPa, m,; = 441.8 kg/s]

g== Combustion

@ 1 chamber 1 @
/

High-pressure
turbine

Y0, T & i©

Low-pressure
turbine

Compressor
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Actual Gas-Turbine Cycle with Regeneration

7. The 7FA gas turbine manufactured by General Electric is reported to have an efficiency of 35.9
percent in the simple-cycle mode and to produce 159 MW of net power. The pressure ratio is
14.7 and the turbine inlet temperature is 1288°C. The mass flow rate through the turbine is
1,536,000 kg/h. Taking the ambient conditions to be 30°C and 100 kPa, determine the
isentropic efficiency of the turbine and the compressor. Also, determine the thermal efficiency
of this gas turbine if a regenerator with an effectiveness of 65 percent is added.

[nturbine =83.8 %, ncompressor =94.9 %, Nw = 44.1 %]

Heat exchanger

r;::_\é?«] -
SR '.) . —0®
—> Comb.

oLy o }
Compressor Turbine )
T A
1561 K-+
303 K+
S

~
—

A solution that allows different isentropic efficiencies for the compressor and turbine is to be
developed and the effect of the isentropic efficiencies on net work done and the heat supplied to the
cycle is to be studied. Also, the T-s diagram for the cycle is to be plotted.

EES Code:

"Input data”

T[3] = 1288 [C]

Pratio = 14.7

T[1] =30 [C]

P[1]= 100 [kPa]

{T[4]=659 [C]}

{W_dot_net=159 [MW] }"We omit the information about the cycle net work"
m_dot = 1536000 [kg/h]*Convert(kg/h,kg/s)

{Eta_th_noreg=0.359} "We omit the information about the cycle efficiency."
Eta_reg = 0.65

Eta_c = 0.84 "Compressor isentropic efficiency"

Eta_t = 0.95 "Turbien isentropic efficiency"
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"Isentropic Compressor anaysis"

s[1]=ENTROPY (Air, T=T[1],P=P[1])

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor"
P[2] = Pratio*P[1]

s_s[2]=ENTROPY(Air, T=T_s[2],P=P[2])

"T_s[2] is the isentropic value of T[2] at compressor exit"

Eta_c = W_dot_compisen/W_dot_comp

"compressor adiabatic efficiency, W_dot_comp > W _dot_compisen"

"Conservation of energy for the compressor for the isentropic case:
E_dot_in- E_dot_out = DELTAE_dot=0 for steady-flow"
m_dot*h[1] + W_dot_compisen = m_dot*h_s[2]
h[1]=ENTHALPY (Air, T=T[1])

h_s[2]=ENTHALPY (Air, T=T_s[2])

"Actual compressor analysis:"
m_dot*h[1] + W_dot_comp = m_dot*h[2]
h[2]=ENTHALPY (Air, T=T[2])
s[2]=ENTROPY (Air, T=T[2], P=P[2])

"External heat exchanger analysis"

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0
E_dot in- E_dot out =DELTAE_dot_cv =0 for steady flow"
m_dot*h[2] + Q_dot_in_noreg = m_dot*h[3]
g_in_noreg=Q_dot_in_noreg/m_dot

h[3]=ENTHALPY (Air, T=T[3])

P[3]=P[2]"process 2-3 is SSSF constant pressure"

"Turbine analysis"

s[3]=ENTROPY (Air, T=T[3],P=P[3])

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine"

P[4] = P[3] /Pratio

s_S[4]=ENTROPY (Air,T=T_s[4],P=P[4])"T_s[4] is the isentropic value of T[4] at turbine exit"
Eta_t=W_dot_turb /W_dot_turbisen "turbine adiabatic efficiency, W_dot_turbisen > W _dot_turb"

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0
E_dot_in-E_dot_out = DELTAE_dot_cv = 0 for steady-flow"

m_dot*h[3] = W_dot_turbisen + m_dot*h_s[4]
h_s[4]=ENTHALPY (Air, T=T_s[4])

"Actual Turbine analysis:"

m_dot*h[3] = W_dot_turb + m_dot*h[4]
h[4]=ENTHALPY (Air, T=T[4])
s[4]=ENTROPY (Air, T=T[4], P=P[4])

"Cycle analysis"

"Using the definition of the net cycle work and 1 MW = 1000 kW:"
W_dot_net*1000=W_dot_turb-W_dot_comp "kJ/s"
Eta_th_noreg=W_dot_net*1000/Q_dot_in_noreg"Cycle thermal efficiency"
Bwr=W_dot_comp/W_dot_turb"Back work ratio"

"With the regenerator the heat added in the external heat exchanger is"
m_dot*h[5] + Q_dot_in_withreg = m_dot*h[3]
g_in_withreg=Q_dot_in_withreg/m_dot

h[5]J=ENTHALPY (Air, T=T[5])
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s[5]=ENTROPY (Air, T=T[5], P=P[5])
P[5]=P[2]

"The regenerator effectiveness gives h[5] and thus T[5] as:"
Eta_reg = (h[5]-h[2])/(h[4]-h[2])

"Energy balance on regenerator gives h[6] and thus T[6] as:"
m_dot*h[2] + m_dot*h[4]=m_dot*h[5] + m_dot*h[6]
h[6]=ENTHALPY (Air, T=T[6])

S[6]=ENTROPY (Air, T=T[6], P=P[6])

P[6]=P[4]

"Cycle thermal efficiency with regenerator”
Eta_th_ withreg=W_dot_net*1000/Q_dot_in_withreg

"The following data is used to complete the Array Table for plotting purposes.”

s_s[1]=s[1]
T _s[1]=T[1]
s_S[3]=s[3]
T_s[3]=T[3]
s_S[5]=ENTROPY (Air, T=T[5],P=P[5])
T_s[5]=T[5]
S_s[6]=s[6]
T_s[6]=T[6]
Nt Nc T'lth,noreg T]th,withreg Qinnoreg Qinwithreg Wnet
[kW] [kW]
[kW]
0.7 0.84 0.2044 0.27 422152 319582 86.3
0.75 0.84 0.2491 0.3169 422152 331856 105.2
0.8 0.84 0.2939 0.3605 422152 344129 124 .1
0.85 0.84 0.3386 0.4011 422152 356403 142.9
0.9 0.84 0.3833 0.4389 422152 368676 161.8
0.95 0.84 0.4281 0.4744 422152 380950 180.7
1 0.84 0.4728 0.5076 422152 393223 199.6
1700,
15001 1470 kPa
1300: 3
llOO:
—_ 900: 100 kPa
) |
— 700} 5
| > & 4
500f 2 / 4
100:
| 1.
-100

45 50 55 60 65 70 75 80 85
s [kJ/kg-K]

T-s diagram for gas turbine with regeneration
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4.4. Real gas turbine cycle and stage calculation

Introducing imperfection, which takes place in real gas turbine cycles, such as component efficiencies
less than 100%, pressure losses, change of mass flow between compressor and turbine due to fuel flow
to the combustion chamber, as well as change of ¢, as function of temperature, one can note that
efficiency as well as specific power will drop considerably. However, the trends are the same, i.e. both
efficiency and specific power increases with increasing pressure ration and turbine inlet temperature
(TIT) Ts. It can also be observed that TIT has the largest impact, and therefore gas turbine development
during the past decades have been focused on increasing the TIT. Given the fact that there is a
temperature limit imposed by the material, the art of material cooling has been developed towards
perfection, to maintain the material temperature below the limit, although the hot gas temperature
(TIT) has been increased.

In the following sections component modeling and analysis for industrial gas turbine are explained,
using the concept of repeating stages, which means the velocity triangle at inlet of one stage is the
same as the velocity triangle at the outlet of the previous stage. Since the properties and velocities are
changing from the root to the tip of the blade, all presented analysis are for the mean diameter
(De+Dy)/2.

4.4.1. Axial compressor
The air compressor increases the air pressure, using the power input via the shaft to
accelerate the air stream and convert the kinetic energy to pressure through the diffuser
shaped blade channels. The figure below illustrates the difference between compressor
(diffuser) and turbine (nozzle) blading.

Flow direction/

Figure 31: Outlet area of the blade passage is larger than the inlet area, resulting in velocity
reduction

Using the continuity equation, assuming constant density for simplicity, one can see that the
increasing are (diffuser effect) results in velocity reduction, so that kinetic energy is converted
to pressure. m=pv=p-ci 4, =p-cy 4,

Assuming constant density, we can write: 2—i = Z—:

Since the flow moves towards higher pressure, which is the opposite to the rule of nature,
there is always a risk for flow reversal and instable operation, called surge. Growing boundary
layer around the blades results in reduction of flow passage area, which can result in flow
separation, called rotating stall, which can develop to full surge. Large forces are released
during surge that can cause serious damage to the gas turbine.
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As we have seen in the previous chapter on steam turbine, the change of properties of the
working fluid can be explained using the velocity triangles at inlet and outlet of the rotor and
stator blades. The figure below shows the connection between velocity and various
thermodynamic properties of the flow, such as absolute and static enthalpy, pressure, etc. As
can see in the figure, the absolute velocity is increased between inlet and outlet of the rotor
blades (flow is accelerated), due to energy input via compressor shaft. This results in increased
total enthalpy over the rotor. Over the stator, there is no work input so hg remains constant.
Same reasoning applies to the total pressure too, however, due to friction losses over the
stator blades certain pressure drop takes place as shown in the figure. The static pressure is
increased in both rotor and stator passage, due to diffuser effect.

/W/QBX'
>

v

/1T
A

Stator

Figure 32: Axial compressor stage

Same analysis can be applied, illustrating the compression in a TS-diagram. Two settings,
namely total and static properties are shown in the TS-diagram, where the basic relations
presented in the beginning of this chapter can be used to explains the change of properties
over the compressor stage. As one can see the difference between total and static properties
are the dynamic values, dictated by changes in the flow velocities.

hy c?

To=—=T+—
0 Cp 2cp
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Figure 33: Changes in flow properties over the compressor stage illustrated in a TS-diagram
Stage performance can be analyzed expressing the total temperature change of the stage:
ATo—stage = Toz — Tor = Toz — Toz = u " cq(tanp, — tanf,)

Where c, is the axial component of the absolute velocity, representing the mass flow; u is the
blade speed and (tanf; — tanf,) is the flow deflection, indicating the level of diffusion. To
maximize the energy transfer between the blade and the working fluid, one can try to
maximize these three parameters. However, there are physical and practical limitation to how
much one can increase these values. The blade speed is limited due to mechanical load on the
blades, the axial component of the absolute velocity and thereby the mass flow is limited due
to size considerations and the turning of the flow, the diffusion, is limited due to stability
concerns. For details on mathematical presentation of compressor modeling based on
repeated stage theory, the readers are referred to standard gas turbine textbooks.

4.4.1.1. Compressor stability

Compressors are working against the law of nature, i.e. delivering the low pressure working
fluid at high pressure at the compressor outlet. Many factors can disturb the flow, resulting in
revers flow (following the law of nature, i.e. flow from high to low pressure area) and
compressor instability. To have a general understanding of how these instabilities develop
within the compressor stage and propagate through the component the short presentation
below is provided. For more detail readers are referred to gas turbine text books such as gas
turbine theory and introduction to turbomachinery.

There are many parameters, such as mass flow, pressure, temperature, and other properties
of the working fluid, which changes between inlet and outlet of the compressor. To provide
general analysis tools that help engineers with a general overview over the engine behavior,
various dimensionless parameters have been derived. Dimensionless pressure and flow
parameters, denoted by ¢ and y are useful parameters for analysis of compressor stability.
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Figure 34: Compressor stability

The ideal relationship between y and ¢ over a stage, which is a first degree equation, is
represented by a striate line in the figure. However, at higher and lower flows than the design
flow deviation between the ideal and real case increases, which is indicated by the blue curve
in the figure above. The design cased efficiency ngq, represented by the red curve, which is at
its maximum at design flow drops and the risk for instability increases.

4.4.2. Expander (Turbine)
Design of the expander or turbine is a challenging issue, due to high temperatures, high loads,
cooling and lifetime of the expensive parts in the turbine. Turbine blade channels are shaped
as nozzles, i.e. the outlet area of the channel is smaller than the inlet area. This results in an
accelerating flow, and thereby no flow stability issues in the turbine. However, the high
temperature of the working fluid in combination with high mechanical load on the turbine
blades require implementation of sophisticated cooling technologies, which increases the cost
of the engine parts. The stage analysis for the turbine stage is shown in the TS-diagram below.
The flow passes through the nozzle blades before entering the rotor blades. The flow is
expanded and accelerated in the nozzles from c; to c;, as shown in the figure. The absolute
velocity decelerates through the rotor blade passage and the gas expands so that relative
velocity increases ws>ws.

Y/c, =tana, —tanf, =tanf; —tanas

Applying angular momentum to the rotor one can write the stage work per unit mass flow
as:

ws = u( ¢y, + Cy3 =u- ¢ (tana, +tanas) = u- c,(tanP, + tan f3)
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Figure 36: Change of properties of the working fluid
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Figure 37: Expansion in TS diagram
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4.4.3. Problem: Stage Calculation

Learning objectives:

e Shaft power calculation per mass unit.

e Understanding the concept of velocity triangles.

e Stage temperature change calculation.

e Property change through the stage of a turbomachinery.

l. Example 1 & 2 are concerned about the property change over a stage of a compressor which
is expressed by the help of velocity triangles.
Il Example 3 & 4 are connect to the basic relations regarding to stage calculation of the
turbomachinery.
[l Example 5-7 practice the above mentioned learning objectives for a turbine.
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Compressor

1. An axial flow compressor stage has blade root, mean and tip velocities of 150 m/s, 200 m/s

and 250 m/s respectively. The stage is designed for the stagnation temperature rise of 20 K
and the axial velocity of 150 m/s, both constant from root to tip. The net work done factor is
0.93. By assuming 50% reaction at the mean radius, please calculate the stage air angles at
root, mean and tip and degree of reaction at root and tip for a free vortex design.

[an = 17.07° (=B.), B1 = 45.73° (=a;) at mean radius; a; = 13.77°, B, = 54.88°, B> = 40.23°, a, =

39.43° at tip; a1 = 22.25°, B1 = 30.60°, B2 = -20.25°, o, = 53.85° at root; A = 11.2 per cent at
root and 67.4 per cent at tip]

Solution

Objective: The problem aims to show how to analyse the flow velocity through a stage by velocity

triangles at root, tip and mean radius of the blade and additionally provides a method about how to
calculate the degree of reaction for turbo machinery.

Rotor

Stator

i B, rr\:\
- ‘ 3
LW, S C
! ~ LY
\ e,
\ |
A\ hN
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2. The first stage of an axial compressor has no inlet guide vanes. The theoretical speed is 6000
rev/min and the stagnation temperature rise is 20 K. the hub-tip ratio is 0.60, the work done
factor is 0.93 and the isentropic efficiency of the stage is 0.89. The inlet velocity is considered
140 m/s, calculate:

1) The tip radius, if the Mach number relative to tip is limited to 0.95;

) The mass flow entering the stage;

) The stage stagnation pressure ratio;

) The rotor air angles at the root and tip sections;

A W N

[(a) 0.456 m, 63.95° and 56.40°, (b) 65.5 kg/s, (c) 1.233, 1317 kW, (d) 50.83° and 18.32°]
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The conditions of air at the entry of an axial flow compressor stage are P;= 100 kPa and T;=
300 K. the air angles are B, = 51° and f3,=10° and ¢ =, = 8°. The mean diameter and
peripheral speeds are 0.5 m and 150 m/s respectively. The mass flowrate through the stage is
set for 30 kg/s and the work done factor is 0.95 and mechanical efficiency is 90%. Assuming an
isentropic stage efficiency of 85%, determine:

1) Blade height at entry.

2) Stage pressure ratio.

3) The power required to drive the stage.

[h=0.15 m, Ry = 1.17, Pstage = 551 kW]
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4. The preliminary design of an axial flow compressor is to be based upon a simplified
consideration of the mean diameter conditions. Suppose that the characteristics of a repeating
stage of such a design are as follows:

v/ Stagnation temperature rise (AT) = 30K

C
Flow number(Ua )=0.5

v
v" Degree of reaction (R) =0.6
v Blade speed (U) =300 m/s

Assuming constant axial velocity across the stage and equal absolute velocities at inlet and outlet,
determine the blade angles of the rotor for a shock free flow (Cy, »ir= 1005 J/kg. K)

[B1=56.92°, B,= 40.86°]
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Turbine:

5. A mean-diameter design of a turbine stage having equal inlet and outlet velocities leads to the
following data:

Mass flow m= 20 kg/s

Inlet temperature To1 =1000 K

Inlet pressure Po; =4.0 bar

Axial velocity (constant through stage) C, =260 m/s
Blade speed U =360 m/s

Nozzle efflux angle (a;) =65°

Stage exit swirl (a3) = 10°

AN NI NN N RN

Determine the rotor blade gas angles, degree of reaction, temperature drop coefficient
(2¢,ATos/U?) and power output.

Assuming a nozzle loss coefficient Ay of 0.05, calculate the nozzle throat area required
(ignoring the effect of friction on the critical conditions).

[37.15°, 57.37°, 0.29, 3.35, 4340 kW, 0.0398 m?]
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6. The following particulars relate to a single-stage turbine of free vortex design.
v" Inlet temperature To; = 1050 K

Inlet pressure po1 = 3.8 bar

Pressure ratio Po1/Pos= 2.0

Outlet velocity C3 =275 m/s

Blade speed at root radius U= 300 m/s

Turbine isentropic efficiency )= 0.88

NN NI NN

The turbine is designed for zero reaction (A= 0) at the root radius, and the velocities at inlet
and outlet (C; and Cs) are both equal and axial. Calculate the nozzle efflux angle a; and blade
inlet gas angle B, at the root radius. If the tip/root radius ratio of the annulus at exit from the
nozzle blades is 1.4, determine the nozzle efflux angle and degree of reaction at the tip radius.

[61.15°, 40.23°, 52.25°, 0.46; 1.72 and 1.64 bar]

clr N\

U,
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\
|
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7. The following data apply to a single-stage turbine designed on free vortex theory.

Mass flow, 36 kg/s

Inlet temperature To1, 1200 K
Inlet pressure Poz, 8.0 bar
Temperature drop ATos
Isentropic efficiency 1], 0.90
Mean blade speed U, 320 m/s
Rotational speed N, 250 rev/s
Outlet velocity Cs, 400 m/s

ANANER N N NN YN

The outlet velocity is axial. Calculate the blade height and radius ratio of the annulus from the
outlet conditions.

The turbine is designed with a constant annulus area through the stage, i.e. with no flare.
Assuming a nozzle loss coefficient Ay of 0.07, show that continuity is satisfied when the axial
velocity at exit from the nozzles is 346 m/s. Thence calculate the inlet Mach number relative
to the rotor blade at the root radius.

[0.0591 m, 1.34; 0.81]
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4.4.3.1. Turbine cooling
Gas turbine efficiency is a strong function of the turbine inlet temperature (TIT) and a weaker
function of pressure ratio (PR). However, there is optimum combination of TIT and PR for
various applications and design.

Efficiency Compression Ratio

T(fire)=2600F

Specific work

Figure 38: optimized combination of TIT and PR for combined cycle

The high temperature alloys available for gas turbines cannot withstand higher material
temperatures than ca. 1000 C. To allow for TIT of about 1500 C, which is the current technology
level, one needs to implement sophisticated material cooling technologies so that despite the
high gas temperatures at the turbine inlet, the material temperature doesn’t exceeds the
maximum allowable temperature.
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Figure 39: Development of TIT and impact of various technologies

As shown in the figure above, increased TIT is effect of combination of different technologies.
Both material development, metal substrates and ceramic thermal barrier coatings (TBC), and
most importantly material cooling technologies have contributed to continuous increasing TIT
by time.

Using advanced cooling techniques results in complex geometries and thereby expensive
components. To maintain safe operation different monitoring techniques are employed. The
figure below illustrates this.
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Figure 40: Reaching high efficiency and safe operation require optimized combination of TIT
and PR, material cooling and monitoring techniques

There are different definitions for TIT used by various actors. The figure below illustrates
different TIT definitions. The lower temperature along the hot gas flow at various sections is
due the fact that the hot gas expands and mixes with cooling air.

TA>TB>TC

(&) Turbine Inlet
Temperature
- Average Gas Temp
in Plane A. (T,)

Firing Temperature
- Average Gas Temp
in Plane B. (Tj)

@ ISO Firing Temperature
- Calculated Temp
in Plane C.
Te =M, , My)

Figure 41: Various TIT definitions

The figure below illustrates the various cooling techniques:

1. Convective cooling
2. Impingement cooling
3. Film cooling

4. Transpiration cooling

)

Figure 42: material cooling techniques

In practical applications combination of the three first techniques, i.e. convective cooling (the
cooling air is cooling the material during passage through the cooling channels. Growth of the
boundary layer between material and cooling flow, due to friction, reduces the heat transfer),
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impingement cooling (the cooling air flows through small holes building jets that hits the metal
surface to break up the boundary later and thereby improve the heat transfer),and film cooling
(the cooling air flows through small holes of the blade surface, building thin layer of cooling
flow on the blade surface, isolating the blade from direct contact with the hot gas), are applied
to achieve the TIT levels of modern gas turbines.

The figure below illustrates the complexity of the blade cooling in modern gas turbines:

Pressure side concave
cooling holes

IMPINGEMENT TUBES

Figure 43: lllustration of nozzle and blade cooling combining various cooling techniques

4.4.4. Combustion chamber
Combustion releases the chemically bound energy in the fuel generating a hot gas flow.
Combustion in gas turbines takes place at elevated pressure and rather limited space, which
intensifies the heat release and thereby the demand for material cooling. The figure below
illustrates air and fuel flow, as well as exhaust gas flow.

xidation

C2HS6, C3HS
C4HI10,N2,C02

Figure 44: Combustion process

The emissions from gas turbines are formed during combustion. Nitrogen oxides (NOy), carbon
monoxide (CO) and unburned hydrocarbons (CiH,) are among the emissions from the
combustion process. The main part of NOy (thermal NO,) is formed at high combustion
temperature and CO and unburned hydrocarbons at low combustion temperature. Therefore
there is an optimum operations window, where all the emissions are minimized.
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Figure 45: Emissions formation as function of temperature

Controlling the flame temperature is therefore essential for emission levels. In a diffusion
flame (left side in the figure below) oxygen is diffusing to the flame front to maintain the flame.
The flame temperature is then decided by the adiabatic flame temperature, which results in
high NO, formation. The main advantage of diffusion flame it its stability. To control the flame
temperature, one can premix air and fuel before combustion, so called premix combustion. A
low fuel to air ratio (lean mixture) results in lower flame temperature and thereby lower NOy
formation. However, lean premixed flame is instable causing vibration problems (humming),
which requires sophisticated burner design and control mechanisms.

Figure 46: Diffusion flame (left) and premixed flame (right)

One of the key elements in emission control as well as profiling the outlet flow is the air split
in the combustion chamber. The figure below shows a typical air split.

flame tube

dilution zone
72% ’

Figure 47: Typical air split
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Cooling the flame tube (the metal body which contains the flame) is a challenging task. The air
flow in a gas turbine is about three times more than what is required for the combustion. The
excess air is mainly used for cooling. Advanced cooling techniques and thermal barrier coatings
(TBC) have been developed during the last decades to minimize the cooling air requirement,
while maintaining the material temperature below the allowable maximum value. Reducing
the cooling air requirement makes it possible to increase the TIT without risk for increased
emissions. The figure below shows various cooling techniques for material cooling and the
relative cooling air needed for various techniques.

Relative air requirements
to conventional louver

Louver

e ]
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Figure 48: Relative cooling air for various cooling concepts
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4.4.5. Combustion process in Gas turbine combustion chamber

Nomenclature:

\
/

200

1
|
Intarmedlate l
e
1
Intarmediate holo |

Notation Index

M: Molar weight Ar: argon

\Y Molar volume 02: Oxygen

N: Substance amount N2: Nitrogen

m: mass Cco2: Carbon dioxide
n: Molar share L: Air

g: Mass share r: Exhaust gas

X: Volume share br: Fuel

R: Gas constant
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Combustion process, the theory

Equations:

(1)

== — 2
9= M, )

Reaction formula for an arbitrary hydrocarbon can be written as:

YA
CXHyOZ+[x+%—E]OZ:X-COZ+%-HZO 3)

To illustrate the calculation procedure North Sea gas is chosen here as a fuel with the following
composition.

Volume share Molar share (1)
CH4 0.90982 0.908647
C2H6 0.04730 0.047607
C3H8 0.01732 0.017637
C4H10 0.01456 0.015108
N2 0.00598 0.005961
Cco2 0.00502 0.005040

All fuel components, except N2 and CO2, are oxidized during combustion. The oxygen needed for
stoichiometric combustion of 1 kmol North Sea gas is calculated as follows:



No, :iZni (x+%)i

Where ”i” denotes fuel components (e.g. CH4,C2H6, etc.).
Noz = 0.908647 (1+ 4/4) + 0.047607 (2+ 6/4) + 0.017637 (3+ 8/4) + 0.015108 (4+ 10/4)
Noz =2.170306 kmol

For calculation of the amount of air needed for combustion, atmospheric air composition is needed.
The table below indicates the composition of dry air:

g M; gi/M; n;
N2 0.75518 28.0134 0.02696 0.780833
02 0.23142 31.9988 0.00723 0.209479
Cco2 0.00049 44.0098 1.1134E-5 0.000322
Ar 0.01291 39.9480 3.2317E-4 0.009361

If we assume that the dry air contains 0.209479 kmol oxygen per kmol of dry air, the quantity of air is
calculated according to the following equation:

No,

2 Min,

m|_ =

nin
|

where ”i” denotes air components (e.g. N2, 02, CO2 and Ar).

m. = (2.170306/0.209479) ( 28.0134 * 0.780833 + 31.9988 * 0.209479 + 44.0098 * 0.000322

+39.948 * 0.009361)
m. = 300.0916 kg

Fuel quantity can then be calculated by the following equation:
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mbrzz M;n;

Where "i” denotes fuel components (e.g. CH4, C2HS6, etc.).

mpr = 16.0426 * 0.908647 + 30.0694 * 0.047607 + 44.0962 * 0.017637 + 58.123 * 0.015108

+28.0134 * 0.005961 + 44.0098 * 0.005040
mer = 18.0532 kg

To calculate the exhaust gas components’ mass- and molar share one must add the contributions of
combustion air, fuel and oxidation products:
The mass of CO2 in flue gas is calculated according to the following equation:

n
_ €O, Air
Meo,=Meco, | Noo o, el "{Z Xn; )

r]OZ Air i Combustion

Mco2 = 44.0098 [ 2.170306 * (0.000322/0.209479) + 0.005040 + (1*0.908678 + 2*0.047607

+3*0.01763 + 4*0.015108)]
Mco2 = 49,537 kg

Similarly, the amount of N2, H20 and Ar in the flue gas are calculated. N2 in the exhaust gas originate
partly from the combustion air and partly from the fuel, H20 is formed during combustion and Ar is
carried over by the combustion air.

Mz = 226.7644 kg Mino = 37.9437 kg mar =3.8743 kg

Thus the mass of flue gas and mass share of exhaust gas components are calculated as follows:
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m, =49.537 + 226.7644 + 37.9437 + 3.8743 = 318.1194 kg/kmol fuel
8coz =49.537/318.1194 = 0.15572 gco2 = 15.572%
gn2 = 71.283% 8H20 = 11.928% 8Ar = 1.217%

The gas constant for exhaust gas mix is calculated as follows:
R, = Z 9 R
1

8314
where R, =M [J / kmol, K]

putting in the calculated values gives:

Rr=298.557 J/kmol, K

Molar weight for the gas mixture is:

M, =2 M, n,

M, = 27.8473 kg/kmol
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Energy balance for the combustion chamber.

Here we will calculate the amount of fuel my, that is to be consumed to generate exhaust gases at
temperature of To3, m, = m_ + my, for a given amount of air m_ at a temperature To,.

?5
CO2
H20
] ] Ar
Oxidation
N2

C2H6, C3H8
C4H10, N2, CO2

Study the schematic gas turbine combustion chamber shown in the figure below.

The fuel to air ratio is defined by:

The energy balance for the combustion chamber can be written as:
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mrhr = mLhL + mbrhbr
or (1 +f)hy = hy + fhy,

By utilizing integrated mean values of ¢, for the studied temperature interval the energy balance
can be rewritten as:

(l+ f)'cp,r '(T03 _Tref ): f-AH +Cp,L '(TO2 _Tref )+ f 'Cp,br '(Tbr _Tref)

reac

where AHeqc is equal to the lower heating value, if H,O in the flue gas is in the gas phase.

For most cases, the last term, the sensible energy supplied with fuel, is neglected.
Integral average value of the heat capacity is defined by:

ﬂ%dﬂﬂ

1

pm = T,-T

and is often given in tabular form for various gas components. At the end of this booklet there is such
a table attached, where T; = T, which means that ¢, m, for an interval (T, - Tref) can be directly read
outas cpm(T2) and then used to calculate the enthalpy of a gas mixture when the composition is
known.

Since the flue gas composition is determined by f the solution becomes iterative. According to the
above, the mass amount of flue gas is the sum of flue gas components’ masses according to:

The left leg of the energy balance can be written as:
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My -Cpr '(TO3 — Tret ):Zmicp,i '(TOS — Tret )

i
A possible calculation procedure could then be summarized as follows:
Given Toz, Tos, Tor, AHreac and the air composition:

e Guessf.

e Calculate the exhaust gas composition.

e Find cp-value for exhaust gas components using the table for integral mean values.
e Calculate To3 using the energy balance and compare it to the desired value.

e Repeat if necessary until convergence.

Alternatively, if fis known, the final exhaust gas temperature To; is to be calculated. In that case one
should start by guessing a value of the Tos.

4.4.6. Problem: Combustion

Learning Objectives:

e Stoichiometry Calculation, mass balance and heat balance.

e Anoverview of fuels and combustion.

e Defining the parameters used in combustion analysis, such as air—fuel ratio, percent and
theoretical air.

e Applying energy balances to reacting systems for both steady-flow control volumes and
fixed mass systems.

e Determining the turbine inlet temperature for given composition of the fuel.

+» Three questions are provided to cover the learning objectives of abovementioned issues based
on given fuel composition in mole, mass and volume fraction for understanding the
stoichiometry and the corresponding calculations.
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Given Data:

Molar mass, molar volume, density and gas constants.

Molar mass  Molar volume Density Gas constant

M Va Pa R

kg/kmol m’*/kmol kg/m? kI/(kgK)
Coal C 12,011 - - -
Sulfur S 32.060 - - -
Nitrogen N2 28.0134 22,403 1.2504 0.29666
Oxygen O2 31.9988 22,329 1.4290 0.25958
Coal monoxide CO 28.0104 22,400 1.2505 0.29665
Coal dioxide CO2 44.0098 22.261 1.9770 0.18763
Water vapor H>O 18.0152 2241 0.8039 0.46144
Sulfur dioxide SO 64.0588 21.856 2.9309 0.12656
Hydrogen H» 2,0158 22,428 0,0899 4,12723
Argon Ar 39.948 22,392 1.7840 0.20793
Neon Ne 20.179 22,425 0.8998 0.41224
Molar mass and molar volume for some hydro carbons.

Molar mass ~ Molar volume

M Va

kg/kmol m’/kmol
Methane CHa 16.0426 22.3600
Ethane C2Hs 30.0694 22,1874
Propane CsHs 44,0962 21.9297
Butane CsHio 58.1230 21,5205
Mean molar heat capacities of gases at constant pressure (K¥/(kmol - K)]
K H, N, co Air 0, HCl q, H.0 | O, S0, S0, CH, C,H, | C.H, NH,
298 | 2884 | 29.13 | 29.18 | 29.18 | 29.39 | 2913 | 3399 | 3357 | 3717 | 40.14 | S0.69 | 35.79 | 43.74 5287 | 3s.50
400 | 29.01 | 29.21 | 2932 | 2932 | 29.75 | 29.19 | 34.57 | 3394 ]| 39.23 | 31.68 | S4.77 | 3831 | 48385 5931 | 3.
500 | 29.1s | 29.35 | 29.4s | 29.45 | 30.18 | 29.24 | 35.16 | 3440 | 4007 | 43.32 | 5842 | 41.03 | S3.7 65.56 | 18.76
600 | 29.19 | 2953 | 29.67 | 29.69 | 30.65 | 29.32 | 35.58 | 3493 | 4272 | 4481 | 6163 | 4384 | S58.2 71.56 | 40.19
700 | 29.24 | 2976 | 29.98 | 30.02 | 3114 | 29.43 | 3586 | 3535 | 4415 | 46,11 | 64.40 | 46.69 | 6246 17.26 | 41.55
800 | 29.31 | 3031 | 30.27 | 3032 | 31.59 | 2960 | 36.10 | 3590 | 4543 | 47.23 | 66.80 | 49.46 | 66.26 83.30 | 42.89
900 { 29.36 | 3034 | 3061 | 3064 | 32.00 | 29.78 | 3630 | 3649 | 46.54 | 48.17 | 6885 } 5223 | 69.73 8739 | 44.23
1000 | 29.46 | 3064 | 3093 | 3094 | 32.37 | 3000 | 3645 | 37.08 | 47.56 | 49.01 | 70.27 [ 54.66 | 71.°1 9193 | 4556
1100 29.57 30.93 31.24 31.27 32.70 30.25 36.59 | 37.68 | 48.50 | 49.35 72.27 51.06 7591 96.20 | 46.86
1200 { 29.69 | 31.22 | 3156 | 3156 | 3302 | 3049 | 3674 | 3829 { 4935 | 5043 | 73.72 | 5934 | 7866 | 100.15 | 48.16
1300 | 2989 | 3150 | 31.8¢ | 3193 | 3332 | 3075 | 36.85 | 38.89 | 50.10 | 51.01 | 75.11 | 6149 | B8L.1S | 103.09 | 49.44
1400 30.07 3L77 32.09 3213 33.60 31.00 36.94 39.45 50.82 51.53 76.36 63.47 83.51 107.17 50.71
1500 | 30.23 | 32.04 | 32.34 | 3238 | 3384 | ... - 40.01 | 51.43
1600 | 30.39 | 32.25 | 3258 | 3261 | 34.05 40.56 | 51.99
1700 30.56 32.46 3279 3279 34.23 41.03 52.54
1800 30.7§ 32,67 33.00 33.01 34.40 41.47 53.18
1900 | 3097 | 32.86 | 33.20 | 33.24 | 34.66 4184 | $3.45
2000 | 3102 | 33.03 | 2337 | 33.4t | 3483 4253 | 5373
2100 | 31.32 | 33.20 § 3352 | 33.56 | 34.98 £298 | $4.25
2200 31.48 33.35 33.66 33.70 35.12 4341 $4.56
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1. The gas that is driven off when low-grade coal is burned with insufficient air for complete

combustion is known as producer gas. A particular producer gas has been analysed and it has the

molar composition summarized in the following table:

Components Molar share
CHs 0.038
CaHe 0.001
CO; 0.048
H» 0.117
(0]] 0.006
co 0.232
N, 0.558

The producer gas is combusted with 150% stoichiometric dry air. Determine:

1) The stoichiometric air / fuel ratio.

) The stoichiometric composition of the exhaust gas in mass parts.
3) The molar mass of the stoichiometric exhaust gas, M.

) The gas constant for the stoichiometric exhaust gas, R.

[f=1.346, Mexhaust =59.38, Mexhaust =29.58, Rexhaust=280.99]
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2. Astandard liquid fuel for gas turbine (oil distillate) has the following composition in mass shares:

Coal, C=0.8443
Hydrogen, H; =0.1355
Sulphur, S =0.0050
Oxygen, 0,=0.0132
Nitrogen, N, =0.0020
Determine:
1. The stoichiometric air / fuel ratio.
2. The stoichiometric composition of the exhaust gas in mass parts.
3. The molar mass of the stoichiometric exhaust gas, M.
4. The gas constant for the stoichiometric exhaust gas, R.

[f=14.23, Mexhaust =15.24, Mexhaust =28.88, Rexhaust=287.86, TIT= 1160 K]
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The low heating value gas from a gasification plant has the following composition in volume share:

Carbon monoxide, CO =0.180
Hydrogen, H, =0.070
Methane, CH4 =0.051

Carbon dioxide, CO,=0.150
Nitrogen, N, =0.469

Water, H,0=0.080

Determine:

1. The stoichiometric air / fuel ratio.

2. The stoichiometric composition of the exhaust gas in mass parts.
3. The molar mass of the stoichiometric exhaust gas, M.
4

The gas constant for the stoichiometric exhaust gas, R.

[f=1-61; Mexhaust =3-04; Mexhaust =2957; Rexhaust=281-13]
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4.5. Combined cycle

Exhaust gases leaving the gas turbine contain considerable amount of thermal energy. Gas turbine
outlet temperature ranges between 450 and 650 C. To enhance the electrical efficiency of the gas
turbine cycles, these are integrated with a steam bottoming cycle where the thermal energy in the
exhaust gas is recovered in a heat recovery steam generator (HRSG) to generate steam, which is
expanded in a steam turbine to produce additional power. The integrated gas and steam cycle is called
combined cycle. The figure below illustrates the simple combined cycle.

Figure 49: Schematic simple combined cycle
Main components: 1-2: compressor, 2-3: combustion chamber, 3-4: expander, 4-5 & 6-7:
HRSG, 7-8: steam turbine, 8-9: condenser, 9-6: feed water pump

Given the fact that usually no combustion takes place in the HRSG, feed water pre-heating doesn’t
improve the cycle efficiency, and on the contrary it reduces the efficiency since the outlet exhaust gas
temperature would increase by feed water preheating. Only a dearator is used to remove the non-
condensable gases from the steam flow. However, in some modern combined cycle plants non-
condensable gases are also removed in the condenser, avoiding use of dearator.

Design of the HRSG has impact on plant efficiency, operability and footprint. Concerning efficiency, the
HRSG can be designed with single or multiple pressure levels. Generally, efficiency improvement when
moving from single to two pressure levels is about one percentage point and from two to three
pressure levels is about a half percentage point. The steam circuits at various pressure levels can be
placed in serial or parallel arrangements in the HRSG. The figures below illustrate arrangements of
different pressure levels in the HRSG and the heat transfer between exhaust gas and the steam circuits
in TQ-diagrams.
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Figure 50: Heat transfer surfaces in single pressure HRSG
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Figure 51: Heat transfer surfaces in two pressure HRSG
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Figure 52: Schematic heat transfer for one and two pressure level HRSG in TQ-diagram
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Concerning operability and the footprint, HRSGs can be designed as horizontal or vertical,
which is decided by the flow direction of the exhaust gas through the heat recovery surfaces,
i.e. economizer, evaporator and super-heater. Generally speaking, the water/steam flow
direction is perpendicular to the exhaust gas direction as indicated in the figure below. As the
figure indicates, horizontal HRSG has larger footprint but lower height, which makes it more
stable (chimney height). Vertical HRSG has smaller footprint but since the chimney is on top
of the HRSG it becomes much higher than horizontal one and the weight of the whole package
(chimney, heat transfer surfaces, etc.) needs to be carried by the smaller fundament the HRSG
is placed on. Concerning the operability, horizontal HRSG needs more careful design of the
drainage systems, since there is higher risk for blockage of the pipes by the condensate, which
would result in uneven temperature distribution and consequently damage to the pipes and
the welding, when the plant is operated with frequent start-stops.

]

*

» )

Figure 53: Schematic illustration of horizontal (left) and vertical (right) HRSG

Modern combined cycles of today can reach above 62% electrical efficiency. However, due
to increased share of intermittent renewable energy in the electrical grid, flexibility of the
plants has become an important issue that requires more research and development work.
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4.5.1 Problem: Combined power cycle

1. Consider a combined gas-steam power plant that has a net power output of 280 MW. The
pressure ratio of the gas turbine cycle is 11. Air enters the compressor at 300 K and the turbine
at 1100 K. The combustion gases leaving the gas turbine are used to heat the steam at 5 MPa
to 350°C in a heat exchanger. The combustion gases leave the heat exchanger at 420 K. An
open feedwater heater incorporated with the steam cycle operates at a pressure of 0.8 MPa.
The condenser pressure is 10 kPa. Assuming isentropic efficiencies of 100 percent for the
pump, 82 percent for the compressor, and 86 percent for the gas and steam turbines,
determine (a) the mass flow rate ratio of air to steam, (b) the required rate of heat input in the
combustion chamber, and (c) the thermal efficiency of the combined cycle.

[mair/m =1341.7, Qin = 671300 kW = 41.7 %]
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2. Consider a combined gas-steam power cycle. The topping cycle is a simple Brayton cycle that
has a pressure ratio of 7. Air enters the compressor at 15°C at a rate of 10 kg/s and the gas
turbine at 950°C. The bottoming cycle is a reheat Rankine cycle between the pressure limits of
6 MPa and 10 kPa. Steam is heated in a heat exchanger at a rate of 1.15 kg/s by the exhaust
gases leaving the gas turbine, and the exhaust gases leave the heat exchanger at 200°C. Steam
leaves the high-pressure turbine at 1.0 MPa and is reheated to 400°C in the heat exchanger
before it expands in the low-pressure turbine. Assuming 80 percent isentropic efficiency for all
pumps and turbines, determine (a) the moisture content at the exit of the low-pressure
turbine, (b) the steam temperature at the inlet of the high pressure turbine, (c) the net power
output and the thermal efficiency of the combined plant.

[Moisture = 1.6 %, T3 = 468 °C, Wou: = 2897 kW, N, = 38.8 %]
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