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COURSE PROCEDURES

Description of the Course

This course is designed for a training program using the
resource of at least one Course Manager. It is also designed
so that you may proceed at the pace which best satisfies your
needs.

There is nc £inal checkout, Each lesson or module has
its own test which has to be completed to the satisfaction of
both the student and the Course Manager before you proceed to
the next module.

There are 8 sections or modules in this course and they
are numbered as follows:

- Course Procedures
- Basics

- Steam Tables

- Mollier Diagram
Turbine

- Feedheater

- Condenser

- S5team Generator

- Reactor
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It is suggested that you proceed according to the course
map upwards. Thus the first lesson module is B.6&, then B.S.
When you have completed Module B.5, you have a choice of do-
ing Module B.4.2 or B.3.2. You should not do Module B.2 un~
til all the modules below, on the course map have been com-
pleted.

Description of a Module

A module is a complete section of training material.
All modules have the same format as follows:

1. Objectives

These tell you exactly the performance needed to
pass the criterion test at the end of the module. There
are two types of objectives:

a) Course Objectives which have been selected to im-
prove your performance as a Shift Supervisor and
describe exactly the desired performance which is
needed to pass the course,
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b) Enabling Objectives which describe those skills
which may be needed so that you can satisfy the
course objectives. The enabling objectives should
make desired performance in the course objectives
easier and that is why we test both 'course' and
'enabling' objectives.

2. Module Training Material
This provides the instruction for the module, It
contains many gquestions which provide reinforcement of
the concepts for the student. The answers to all the
guestions are included at the end of the module.

3. Criterion Test

This is a test which tests those objectives stated
at the beginning of the module - no more and no less,

4. Self Evaluation Sheet

This provides a guide to the main points and ra=-
tionale that you should have covered when you wrote the
criterion test.

What are the advantages of this type of presentation?

1. The course objectives are selected only because they can
improve your performance as a Shift Supervisor.

2. You don't have to waste time going through material you
already know. You can take the criterion test when you
feel you are ready.

3. You don't have to wait for the rest of the class to pro-
ceed, Equally, you don't have to be rushed through an
area with which you are unfamiliar. You work through at
your own pace.

4. If you need to ask questions, the Course Manager is

there all the time to help you with any problems you
have with the course.

These are some ©of the advantages. You'll find more as

you progress through the course.



PROCEDURE

1. Read Module B.7 - Course Procedures.

2, Select your first lesson, Module B.6 - Basics.

3. Make sure you have a calculator and a set of Steam
Tables.

4, Read the objectives for the module.

5. Read the course material and answer the questions con-
tained in the material as you proceed. Check your
answers at the back ¢of the module. '

6. When you have completed the lesson material, re-read the
objectives.

7. When you are ready for the Criterion Test, ask for it
from the Course Manager.

8. When you have written the test, select the self evalua-
tion sheet and compare with your answers.

9. Discuss your test with the Course Manager when you have
compared your test and the self evaluation sheet.

0. If there are areas that need to be reinforced, return
and practice before trying the test again.

1. If you are both satisfied with the results, have the
Course Manager sign off your Personal Progress Summary.

2. Proceed to the next module.

3. When you have completed Module B.l, please complete the

course evaluation form sc¢ that we may improve your
training.

This is not a race - no prizes for being first finished.

Work at your own pace and make the best use of the program to
clarify any problem areas you may have.

J. Irwin-Childs
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Heat & Thermodynamics

MODULE B.é6

BASICS

Course Objectives

1. You will be able to define the following and state the
units from memory:

(a} Temperature,.
(b) Heat.

2, You will be able to explain the following terms in your
own words from memory, when applied to the wvarious
states of water:

(a) Saturation Temperature.
(b} Subcooled Liguid.

{(c) Wet Steam.

(d) Saturated Steam.

(e) Superheated Steam.

3. You will be able to explain the following heat transfer
mechanisms, in your own words and give an example of
each mechanism:

(a) Conduction.

{b) Natural convection.
(c) Forced convection.
{d) Radiation.

a

4, You will be able to state that a compressor will raise
both the pressure and temperature of a gas and explain
that an aftercooler is used to reduce the volume of the
receiver.

5. You will be able to state that the effect of heating a
closed volume of gas is to raise its pressure and illus-
trate this principle with a gas "feed and bleed" example
from the station.

November 1981 -1 -



You will be able to explain why it is important to know
when a gas cylinder is effectively empty and state the
test for this condition when the cylinder contains:

(a) Liguid Gas.
(b)) Compressed Gas.

You will be able to explain why high energy in a com-

pressed gas makes it dangerous for pressue testing pur-
poses,



Enabling Objectives

l.

You will be able to explain the following terms in your
own words from memory, when applied to the various
states of water:

(a) Sensible Heat.
{(b) Latent Heat of Vapourization.
(¢) Saturated Liquid.

You will be able to draw a graph of temperature against
enthalpy as heat is added at constant pressure and com-
plete the graph by doing the following from memory:

Label the areas,

Indicate sensible heat region.
Indicate latent heat region.

Mark the saturation temperature.
Indicate the subcooled region.

Mark the point for saturated liquid.
Mark the point for saturated steam.
Indicate the superheated region.

SO O QL0 Tw



BASICS

One of the most common problems from which we all suffer
at some time or other, is that we try to rationalize a situa-
tion without returning to basic concepts. Although when we
start to look, in detail, at some thermodynamic processes
life can become complex, the majority of thermodynamic pro-
cesses, with which we are familiar in our station, may be
readily understood and explained using basic principles.

Before we can progress to look at some of the thermody-~

namic¢ problems, it is essential that the basic items and con-
cepts be understood if confusion is to be avoided.

Temperature

Temperature is a measure of the intensity o©of heat of a
substance. It indicates the ability of one substance to gain
or lose heat with respect to another substance.

Thus TEMPERATURE is a measure of quality or grade of
heat. Temperature should NOT be confused with the quantity
of heat.

There are many temperature measurement scales used to
compare the temperatures, but today we generally only use the
Celsius scale. As we know from previous experience the
Celsius scale uses the freezing point and boiling point of
water, at atmospheric pressure, as the lower and upper refer-
ence points of the scale. There are 100 divisions on this
scale and thus the freezing point is at 0°C and the boiling
point is at 100°C.

A point to note is that in symbol form, using S.I., a
temperature of 10 degrees Celsius and a temperature rise of
10 degrees Celsius are BOTH shown as 10°C and obviocusly we
‘need to take extra care to determine whether the given infor-
mation is a point on a temperature scale, egq, 40°C or an in-
terval eqg, the difference between 90°C and 50°C is also 40°C.

HEAT

Heat is a Form of Energy

The heat in a substance is associated with the motion of
its molecules. The hotter the substance the more wvigorous
the vibration and motion of its molecules. If heat isg
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applied continuously to a solid it relaxes the cohesion of
the molecules, and a point is reached at which the vibration
of the molecules is such that the solid changes into a liquid
in which the molecules can move about more freely. On furth-
er addition of heat to the liquid the motion of the molecules
is increased still more and a point is reached at which the
liguid begins to change into vapour and then a gas. The heat
applied dissociates the molecules of liquid from one another
so that they fly apart and remain separate in the gaseous
state.

The pressure exerted by a gas or vapour, in a vessel, is
due to the impact of the molecules on the walls of the ves-
sel. The hotter the gas, the greater the pressure, because
the more violent is the motion of the molecules which, by
molecular impact, cause a bigger force on the sides of the
vessel., With these ideas in mind, as to the nature of heat,
it is easier to imagine the molecular condition of the water
and steam in the interior of a boiler,

The Measurement of Heat

The quantity of heat that a substance contains is by no
means obvious. If you were to see a block of steel in a
foundry that had to be heated to 300°C you could not readily
determine how much heat enerqgy would be required. The rate
at which the temperature of a material changes with the
change of heat energy depends upon two factors as we shall
see later: {a) the qguantity of material involved ({b) the
nature ©f the material ie, how nmuch heat is absorbed by a
unit mass of the material for a unit rise in temperature,

All energy forms are measured in JOULES.
The symbol for heat energy is 'Q'.

Thus HEAT is the quality of energy that a body possesses
due to its temperature and depending upon the material,

Specific Heat

Specific Heat may be simply defined as: The amount of heat
energy required to change the temperature, of one kilogram of
the material, one degree Celsius.




Thus the units are:
kiloJoules per kilogram per degree Celsius.
Symbol - kJ/kg°C.
The symbol for specific heat is 'C',

We may now relate heat and specific heat. We have
already seen that the amount of heat a body reqguires to
realize a particular temperature change depends upon the mass

of the body, the material of which it is composed, and the
stated temperature change. Thus:

i

Q M x C x AT

kJ

kg x kd/kg®C x °C.

Where 'Q' is the quantity of heat required to produce a
temperature change of 'AT' degrees Celsius in material with a
mass 'm' having a specific heat 'C',

Example

Given 14 kg of water at 30°C. How much heat must be
added to raise the temperature to 64°C if C for the water is
4.18 kJ/Kge°C,. By simply substituting into Q0 = mCAT we may
determine the wvalue of Q.

Thus Q¢ = 14 x 4.18 x {64 - 30) k.Joules

kg x kJ/kg®C x °C
= 14 x 4.18 x 34
= 1989.7 kJ.

Try this next example for yourself; you will find the
answer at the end of the module. :

B.6.1

In a 600 MW unit 1300 x 10® Joules of energy per second
are rejected to the condenser conling water system, 1f the
temperature rise of the cooling water is 11°C and the specif~
ic heat of the cooling water is 4.18 kJ/kg°C determine how
much cooling water is needed every second.
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Enthalpy

For water, enthalpy is the total heat value of fluid
measured from 0°C. This 1Is an arbitrary temperature that 1is
convenient for reference such that fluid at 0°C has zero
enthalpy.

The symbol for enthalpy is h.
The units are in kilodoules/kilogram.

The values of enthalpy are laid out in the steam tables
as we shall see later.

Before we progress to look at water, it would be an
ideal point for you to re-read the previous notes and if you
feel you have understood them, try and write down the defi-
nitions for:

Temperature
Heat

When you are satisfied that you know the definitions
continue with the next section.

WATER

This remarkable fluid is used so widely for so many pur-
poses that a lot of its characteristics are hardly recogniz-
ed. We use water as a heat transfer fluid because it is
cheap, easily purified and has an exceptional heat capacity.

When we speak of water we tend to think of it in its
most familiar form, as a ligquid and do not immediately regis-
ter that it could also be a solid, vapour or dgas. We are
continually heating this substance in one part of the system
and cooling it in another part. It is not surprising that we
should pay a lot of attention to the behaviour of water when
it is being heated and when it is being cooled.



What happens to water when it is heated - get's hotter?
Not necessarily so! When water is turning from liquid into
steam the temperature, which measures the hotness, remains
constant, Alright, if we heat water as a liguid the tempera-
ture may rise, What else happens when water is heated? A
change of state may take place, eg, the liquid may become
vapour. What else happens? The enthalpy of the fluid in-
creases. Can you think of anything else? What happens to
the volume of the fluid? Right, it usually increases.

The same rationale may be applied to the cooling of the
fluid. How do all these changes affect the rest of the fluid
system? Very significantly - each change produces its own
particular problem and unless we have knowledge as to how the
fluid is behaving in the process, we have very little chance
of being able to diagnose the cause of abnormal operation or
produce a rationale for a particular event.

At a given pressure, the amount of enthalpy that the
steam possesses will determine its state. Consequently, if
we know either the state or the enthalpy of the fluid we can
determine the other characteristic without too much problem.

To visualize a process we often use an aid and one of
the most useful aids 1is the graph of temperature of the
water, at constant pressure, which is plotted against the
enthalpy of the fluid.

This graph is shown below and we will be referring to
this on many occasions.

Temperature,

Enthalpy, J/kg

Fig. 6.1
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An understanding of this simple graph provides the key
to solving the majority of thermodynamic processes we can
find in the station.

From the graph, starting at A, you can see that the
temperature rises uniformly with increasing enthalpy until
the temperature at B is reached. At this point further in-
crease in enthalpy does not produce a corresponding tempera-
ture rise. This is because a change of state is taking place
and the 1liquid is being turned inte wvapour, at constant
temperature. Once all the 1liguid has been turned into
vapour, point C, the temperature will continue to rise with
the continuing increase in enthalpy, but not at the same rate
as previously.

Saturation Temperature

"Saturation temperature" is the temperature at which the
liguid is changed into vapour and depends upon the pressure
of the system. The higher the pressure, the higher the
saturation temperature. The symbol for saturation tempera-
ture is tg. The saturation temperature provides a very use-
ful reference point as we will see.
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Sensible Heat - Points A to B

The enthalpy of the 1liquid is often referred to as
"sensible heat". 'Sensible' because the addition of heat to
the liquid is observed by a temperature rise. The sensible
heat range is the enthalpy of liguid at 0°C to liquid at
saturation temperature tg. The addition of superheat C-D
also produces a temperature rise but this is not referred to
as "sensible heat". T

Subceooled Liguid

"Subcooled 1liquid" 1is liquid which has not received
enough heat for the temperature to reach the saturation tem-—
perature and consequently exists at a temperature below tg.

Saturated Liguid - Point B

"Saturated liguid" is liguid which has received enough
heat that it exists at the saturation temperature, tg. We
use the term 'saturated' because the liguid cannot absorb any
more heat without the liquid starting to turn into vapour.

Saturated Steam - Point C

"Saturated steam" is steam which has no liquid left and
is saturated with the amount o©of heat which was required to
change from a liquid at point 'B' to saturated vapour at
peint 'C’. Again it 1is saturated with heat because if any
more heat was added the temperature would no longer remain
constant but would start to rise again.



The heat which had to be added from point 'B' to point
'C' is called the latent heat of vapourization. 'Latent' or
hidden because there 1s no temperature change to indicate
that heat addition is occurring. The water is changing its
state from liquid to vapour.

0,
Soturated :
Liquid Superheoted
Steam
Temperature, Wet
Oc ' Steam
B </
t, T~ -~ =~ J‘\\Su!uruled
. L(————lulenl Heot -t Steam
A

Enthalpy, J/kg
Fig. 6.3

Wet Steam - Between Points B and C

"Wet steam" is steam which exists at the saturation tem-
perature and may be anywhere between points B and C. If
there is a lot of liguid in the mixture the condition of the
steam will be close to B. If there is little moisture in the
- steam the condition will be close to C. Another way of
describing wet steam is to say that this is steam which has
not received all its latent heat,. It is a mixture of fine
moisture droplets and water vapour existing at the saturation
temperature tg.

Superheated Steam - Between Points C and D

"Superheated steam” is steam which has received all its
latent heat and has been further heated so that its tempera-
ture is above tg. The steam behaves like a gas once it is
more than approximately 50°C above the saturation tempera-
ture,
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Heat Transfer Mechanisms

There are three main mechanisms of heat transfer: con-
duction, convection, and radiation. Heat is transferred from
a higher temperature substance to a lower temperature sub-
stance by at least one of these mechanisms. Let's look a
little more closely at each mechanism.

Conduction

Conduction involves heat transfer with no transfer of
mass. Heat is transferred from particle to particle through
a substance, while the particles themselves remain in the
same relative positions in the substance. An example of heat
transfer by conduction is the heat transfer through the steam
generator tubes from the primary heat transport side to the
light water side.

Convection

Convection involves heat transfer that is accomplished
by the movement of a fluid. As the fluid moves, it carries
heat with it.

There are two types of convection:

a) Natural Convection: In natural convection, the movement
of the fluid is due to density differences that occur in
the f£luid as heat transfer occurs. For example, as the
water in the boiler is heated, it vapourizes to produce
steam, which has a much lower density than the surround-
ing water. The steam thus rises through the water to
the top of the boiler, carrying the heat added to it by
the primary heat transport system.

b) Forced Convection: This type of convection makes use of
pressure differences to force the fluid to move. The
pressure differences are generated by equipment such as
punps, fans, and compressors. For example, the condens-
er c¢ooling water is pumped through the condenser, pick-
ing up heat from the steam exhausted from the turbine
and carrying the heat ocut to the lake.

c) Radiation: The particles of a substance, because of
excitaticn due to temperature, emit electromagnetic
energy in the infrared range. This radiant enerqgy that
ig emitted transfers heat from the substance. Heat is
only transferred by radiation inr significant amounts
from high temperature sources. An <xample oi beat




transfer by radiation is the heat transferred through
the film surrounding a fuel bundle when film boiliing
occurs and heat transfer due to forced convection is
very small because of the massive reduction in the heat
transfer coefficient when the D0 changes from liquid to
vapour. Initially, the heat transfer is by conduction
through the vapour but the thermal conductivity of D30
vapour is very low. The fuel sheath temperature thus
rises, and as it rises, more and more heat is transfer-
red by radiation.

Answer these questions and compare your answers with

those at the end of the course.

B.6.2

* Kk kR k %

Draw the graph of temperature against enthalpy for heat

addition at constant pressure for water,

{a)
(b}
{c)
(4)
(e)

—— A, e
e TG Fh
e i e

and

Label the axes.

Indicate sensible heat region.
Indicate latent heat region.

Mark the saturation temperature.
Indicate the subcooled regions.
Mark the point for saturated liquid.
Mark the point for saturated steam,
Indicate the superheated region,
Indicate the wet steam range.

When you have done this turn to the end of the module

check your answers,

When you have labelled the diagram correctly, describe

the following when applied to various states of water, using
your own words:

(a)
(b)
{c)
{d)
{e)
(£)

(g)
{h)

Saturation temperature.
Sensible heat. :
Latent heat of Vapourization.
Subcooled liquid.

Saturated liquid,

Saturated steam,

Superheated steam.

Wet steam.
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B.6.3

Explain the following heat transfer mechanisms in your
own words and give an example of each mechanism:

(a) Conduction,
(b) Natural convection.
(¢) Forced convection.
{d) Radiation.

Compressed Gas

Gas 1s compressed for a variety of reasons: to reduce
its volume for storage, to raise its energy level so that it
may provide useful work, and to raise its pressure above
atmospheric so that it prevents air in leakage.

A compressor is the equipment used to raise the pressure
of the gas. An electric motor usually supplies the energy
for the compression work done in a compressor. The energy
used in the compressor ralises the pressure of the gas to a
higher value, If the system was free from frictional
effects, this process would occur at constant temperature.

The compression process occurs at high speed and creates
a lot of turbulence within the gas which appears in the form
of unwanted heat £from the effects of friction within the
gas. The effect of the increase in temperature is to cause
the gas to expand even though it is at a higher pressure.

The gas wvolume 1is reduced so that the size of the
receiver 1is not unreasoconable for the mass of gas which is
required to be stored. The volume of the gas is reduced by
cooling the gas using an "aftercooler" which is fitted after
the compressor but before the receiver.

The change of volume with temperature is apparent on
fixed volume systems such as the D30 storage tank and the
moderator cover das system. In both these systems, an
increase in temperature will cause the gas pressure to rise
and result in bleeding of gas from the system. Equally a
cooling of the gas will cause the pressure to fall and result
in gas being fed to the system.

B.6.4

Explain why gas increases in temperature when compressed
and why an aftercooler is necessary.
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B.6.5

Explain the effect of heating a closed volume of gas and
illustrate your answer with an application in the station.

Check your answers at the end of the course.

k % * * x

Gas 1is a compressible fluid and regquires large amounts
of energy to raise the pressure. :

Most of this energy is recoverable. If all the pressure
energy 1is recovered 1n a very short time, eg, a compressed
air tank ruptures, then this energy release produces an
explosion.

This is the reason that pressure testing should not be
perfiormed using f£luids that need very high energy input to
raise their pressure, ie, gases and vapours. Fluids that do
not need high energy input for compression, ie, liquids,
should be used so that if the system being pressure tested
fails, the release of energy is minimal.

Storage of Gases

Gases may be stored as ligquids or compressed gas depend-
ing upon the saturation temperature at the pressure involv-
ed., If the saturation temperature is well below ambient
valdes, then the gas will probably be stored as compressed
gas, If the gas has a saturation temperature equal to ambi-
ent or above, then the gas will probably be stored as a
liguid.

It is important to know when a gas cylinder is becoming
empty so that the c¢ylinder remains uncontaminated. If the
cylinder 1is allowed to become totally empty, reverse flow
into the cylinder may occur (suck-back) which may introduce
air, moisture. The presence of oxygen and moisture will
allow corrosion to occur and may also create explosive condi-
tions if the gas is flammable.

As the gas is used from a cylinder of compressed gas,
the : pressure falls as the mass of gas in the cylinder de-
creases, The cylinder should be iscolated from service when
there is still a positive pressure in the cylinder with re-
spect to the system to which it is connected. A pressure of
at least 30 psi or 200 kPa above system pressure should exist
in the cylinders when considered "EMPTY".
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The pressure 1in a liquified gas c¢ylinder does not change
as gas is used. As a result, the pressure cannot indicate
when the cylinder is empty. The only way that the cylinder
can be checked for contents is to be weighed.

B.6.6

Explain why compressed gas should not be used for pres-
sure testing.

B.6.7

Explain why gas c¢ylindexrs should not be allowed to
empty completely.

B.6.8

State how you would determine the contents of a compres-
sed air and a liquified gas cylinder.

k & k k *

When you have mastered the exercises and feel you are
ready for the Criterion Test, obtain the test £from the
Course or Shift Manager. Upon completion of the test, re-
quest the Self Evaluation Sheet and check your work. Final~
ly, have the Manager review your test so that you may:

{a} progress to the next module, or

{b} continue to study to pass test B.6.
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Answers

MODULE B.6

BASICS

B.6.1

This time we want to determine the value of 'm'. If we
rearrange the formula for the heat energy so that the mass is
expressed in terms of C, AT and Q we get:

M = Q/CAT kg.

Substituting the given values,

1300 x 108 g

Q
C = 4,18 x 103 J/kg°C
AT = 11°C.

1300 x 108
3,18 x 103 x 11

Thus m

kg

= 28.3 x 103 kg of CCW every second.

Saturated
Liguid

Superheated

Steom
Temperature,

i Wei
OC Sensible Steam
*_‘-_—._ e el g ————"
_ Heat /
t — 'J‘\Su.turaled
I-A—————Lotem Heot » Sleom

Subcooled
Liquid

Enfholpy._ J/kg
Fig- 6.2
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a) Conduction of heat occurs through a material from the
higher temperature to the lower temperature without
movement of the molecules, eg, heat conducted through
the fuel sheath.

b) Natural Convection of heat occurs due to the movement of
fluid caused by density difference, eg, the thermo-
syphoning of the PHT system when the PHT pumps are shut-
down.

c) Forced Convection of heat occurs due to the movement of
fluid which 1iIs caused by pressure difference due to
pumps, fans, etc. eqg, the heat is removed from the fuel
bundles under normal power operation by forced convec-
tion.

d) Radiation of heat energy occurs from relatively hot
materials due to electromagnetic vradiation, eg, the
majority of heat from a fuel bundle is transferred by
radiation when the bundle is surrcounded by wvapour as in
film boiling.

B,6.4

Turbulence during compression causes the gas temperature
to rise and this increases the volume of the compressed gas.
The volume is reduced using an aftercooler, after the com-
pressor and before the receiver, to reduce the size of the
receiver,

B06|5

A closed volume of gas will increase in pressure as the
‘temperature rises. In a closed system which requires a con-
stant pressure, this results in gas being bled from the sys-
tem. An example occurs when the moderator temperature rises
causing the cover gas pressure to rise and results in the
operation of the bleed valves.

B.6.6

Gas is a compressible fluid and reqQuires a large amount
of energy to raise its pressure, Most of this energy is re-
coverable and if the system being pressured tested was to
fail, the result would be an explosion. Incompressible
fluids, ie, 1liguids require 1little energy to raise their
pressure and should be used for pressure testing.
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Bl&l?

Gas cylinders that are completely empty can be subjecten
to reverse flow (suck-back) which can cause contamination due
to the entry of oxygen and moisture. This may result in
explosive conditions with flammable gases.

B.6.8

A compressed gas cylinder may be checked for contents by
pressure.

A liquified gas c¢ylinder may only be checked for con-
tents by weight.

 * % * %

J. Irwin-Childs
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MODULE B.5

STEAM TABLES

Course Objectives

1.

Given values for temperature, pressure, enthalpy and a
set of steam tables, you will be able to identify the
state of water as one cf the following:

{({a) Subcooled Water.
(b} Saturated Water.
(c) Wet Steam.

(dY Saturated Steam.
{e) Superheated Steam.

Given the initial and final state of water and twoc out
of three of the following parameters: pressure, temper-
ature, enthalpy, you will be able to perform simple
calculations to determine the third guantity.

Briefly describe the process of "steam hammer" and
explain why it is a problem and how it may be avoided.

Given a constant volume system with provision for adding
or removing water, stated initial conditions, and one or
more final condition, you will be able to state whether
the remaining final conditions increase, decrease, oOr
stay constant. You will be able to explain your state-
ment and determine the amount of any changes that
result,

Enabling Objectives

ll

Given changes of temperature, pressure and enthalpy, you
will be able to determine the corresponding changes in
volume. '

November 1981 -1 -



STEAM TABLES

The steam tables provide us with a very effective means
of quantifying operating conditions.

You should have a copy of steam tables as part of the
module. The units for the tables are mainly S.1. Turn to
page 4 in the first set of sgsteam tables. You will see a
whole series of columns under a variety of headings.

TABLE 1 ~ SATURATION LINE (TEMPERATURE)

Taemp. Abs.Prease, Specific Enthaipy Specific Entropy Specific Volume Termnp,

o bar klikg kd/wg °C dm3/kg °c

|‘ p‘ h ’ h # hg . 5, H fa ‘g v f v 9 "', r’
100.0 1.013 4191 2259 2676.0 1.3069 6.04856 73554 1.0437 16720 1673.0 100.¢
100.5 1.03 4212 22556 26768 13125 6.0369 7.3494 1.0441 18443 1645.3 1005
0o 1.050 42313 22543 267148 1.3182 6.0252 7.3434 1.0445 1617.2 1618.2 101.0
1015 1.069 4254 225249 287183 13238 6.0136 7.3374 1.0449 1500.6 1591.6 1615
102.0 1.088 42765 22516 26791 1.3294 B.0J20 7.3316 $.0453 1564.5 1565.5 102.0
1025 1.107 4296 22503 25799 1.3350 59505 73255 1.0457 1538.9 15400 102.5
03,0 1.127 4317 22488 2680.7 13406 59790 73196 1.0461 15138 1514.9 103.0
1035 1.147 4338 22476 26814 1.3462 5.967% 7.3137 1.0465 1489.2 1450.3 135
104 0 1.167 4358 22483 26822 1.3518 69560 7.3073 1.0469 14651 1466.2 1040
104.5 1.187 438.1 22249 25830 1.3574 59448 7.3020 1.0473 14414 1442.% 104.5

The steam tables may be using a reference of pressure or
temperature depending purely upon convenience. You will
recall that in the 'Basics' module, when we were discussing
temperature, we read that as temperature increased so the
force exerted by the molecules of the fluid on the contain-

‘ment increased and this was in fact the increase of pres-

sure. In a saturated system, ie, a system operating between
saturated liquid and saturated steam, pressure and tempera-
ture are unique and interdependent,ie, 1f you knew the pres-
sure of the system you could locok up the saturation tempera-
ture at which the system was operating. Equally, if you knew
the temperature you could look up the saturation pressure at
which the system was operating.

Temperature

The temperature of the fluid is shown in the extreme
left hand column., This is in fact the saturation temperature
and as you can see, 1s measured in °C.
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TABLE 1 — SATURATION LINE (TEMPERATURE)

Al Pross, Spacific Enthalpy Specific Entropy Specitic Volume Temgp,
bar kd/kp kd/xg °C : dmd/xg °c
p‘ _ ] ¢ bfg hg H ¢ ) fg ‘F v ] v 1o vg 't’
1.013 4191 22589 2676.0 1.3069 6.0485 7.3554 1.0437 1672.0 1673.0 100.0
1.031 421.2 22556 26768 1.3125 6€.03688 7.3494 1.0441 16443 1645.3 100.5
1.050 423.3 22543 26776 1.3182 6.0252 7.3434 1.0445 1612.2 1618.2 101.0
1.069 4254 22529 26783 1.3233 6.0136 7.3374 1,0445 1580.6 159%.8 101.5
1.088 4275 22516 26791 1.3234 65.0020 73315 1.0453 1564.5 1565.5 102.0
1.107 4296 2250.3 26799 1.3350 5.9905 7.3255 1.0457 15389 15400 102.5

- 1127 4317 22489 2680.7 1.3406 5.9790 7.3196 1.0481 1513.8 15149 103.0
1.147 4338 22476 2681.4 13462 5.967% 7.3137 1.046% 1489.2 14902 1035
1.167 4359 22463 26822 1.3578 5.9560 7.3078 1.0469 1465.1 1466.2 104.0
1.187 4381 22449 26830 13574 6559445 73020 1.0473 1441 4 14425 1045

Pressure

The pressure upon which the steam tables 1is based is
absolute pressure. A slight confusion arises here because
the pressure is measured in 'bar' which is roughly one atmos-
phere.

TABLE 1 — SATURATION LINE (TEMPERATURE)

Tamp. Specific Enthaipy Specific Entropy Specific Volume Temp.

- kIikg kJwg °C dm*fkg °c

r’ _ h ¢ h o hg 3 3 fa Jg v v o vp :‘
100.0 419.1 22569 26750 1.3069 £.043% 7.3554 1.0437 1672.0 16730 100.0
100.5 421.2 - 22556 26768 1.3125 £.0389 17,3494 1.0441 1644.3 1645.3 1005
1010 4233 22543 76776 1.3182 6.0252 7.3434 1.0445 1617.2 1618.2 1010
101.5 4254 20539 25783 1.3238 6.0138 7.3374 1.0443 1594.6 1591.6 1015
102.0 4275 22516 268781 1.3284 60020 7.3315 1.0453 1564.5 1565.5 102.0
1025 4796 22503 26799 1.3350 5.9905 73285 1.0457 1538.9 1540.0 102.5
103.0 4317 22439 28807 1.3406 5.9790 73196 1.0461 15138 1514.9 103.0
103.5 4338 22476 26814 1.3462 5967% 723137 1.0465 14892 1450.3 103.5
104 0 4359 22483 26822 1.3518 558560 7.3078 1.0469 1465.1 1466.2 104.0
104.6 438.1 22449 2583.0 1.3574 5944 7.3020 1.0473 1441.4 14425 104.5

Fortunately there 1is a reasonable conversion, 1 bar =

100 kPa(a). So, if we know the pressure kPa(a) we can divide

by 100 to get the pressure in bar. For example, if the steam

pressure tc the turbine is 4 MPa3then the pressure in bar =
4 x 100

4 x 103 xpa = —g5 —— bar = 40 bar.

This pressure is the saturation pressure corresponding

te that temperature.
fed with saturated steam at 200°C,
Pressure.

bages,

for example, if the turbine is being
we can determine the steam
over the

until you reach tg =

200°C.

saturation pressure is quoted as 15.549 bar.

Keep looking down the temperature column,
In the next column the
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Abs. Press, Spacific Enthalpy Specifx Entropy Specific Voluma

Similarly, if a steam generator 1is producing steam at
10.027 bar we can determine the temperature. Still using the
first table, we can travel down the ps column until we get to
10.017 bar. The value of tg is 180.0°C.

Try these examples, you'll find the answers at the end
of the module.

B.5.1

Water 1s heated to produce gaturated steam at 135°C.
Determine the pressure of the steam.

B.5.2

Saturated steam at 1.985 bar has heat removed until it
becomes wet steam at 1.985 bar. Determine the temperature of
the steam at the new condition.

B.5.3
The temperature in a steam generator has to be raised to,
140.0°C. What is the pressure in the steam generator at this

temperature?

§ensible Heat

You will recall from module B6 that when sensible heat
is applied to the liquid state it causes a change of tempera-
ture. The enthalpy of the liquid state is determined by its
temperature primarily, 1e, for the majority of needs the
enthalpy of subcooled water at 140°C and 50 bar is the same
as the enthalpy of saturated liquid at 140°C,

The symbol for the heat in the liquid is 'hg' and the
units are kJ/kg.

Examples

Feedwater enters a boiler at 175°C and 6 MPa. Determine
the enthalpy of the feedwater. The pressure of 6 MPa is
equal to 60 bar. Does the pressure or the temperature
determine the enthalpy of the liquid? Right, sc look up in
Table 1 until you find tg = 175°C. Now read across to column
hg where hy = 741.1 k3/kqg.

Tomp. Temp,
o bar kJikg wikg °C dmifkyg °n
;' P, h P h g hg 55 5 tq sg ¥ v f vg r‘
“S00.0F iys sag 8524 19386 27909 2.3307 40971 64278 1.1565 12600 127.16 200.0
201.0 15.877 856.9 19346 27915 2.340t1 40802 5.4203 11580  123.46 12462 201.0
202.0 - 16.210 8614 1930.7 27921 2.3495 40633 654128 1.1596  120.87  122.13 202.0
202.0 16.549 B65.9 19267 27927 2.3590 4.0464 6.4054 3.1612 11855 1197 203.0
204.0 16.853 8705 19228 27932 23684 40296 6.3980 11628 11618 11738 204.0
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Spwcific Enthalpy

Torvp, Pa— Spacitic Entrogy Spacific Volums Twmp,

“c bar kJ/up kg “cC omifhp °op

h h h

t’ Py 7 gy g *r s’g ,F " v'ﬁ v? rl
?‘25.0 - 8924 F4LY: 20307 27718 20906 45314 66227 1.1209 5

45 f A E J . . . 215.4 16.
1730 9,137 7455 20213 27727 2.1004 45136 6.6140 1.1222 210.6% gi? E”; :;gg
177.0 9.353 7499 20237 27736 21101 44958 6,6059 1.1235 20596 207.08 1770
178.0 9574 754.3 20202 27745 21199 44780 5.5979 11248 20141 202,54 178.0
178.0 9.798 758.7 20167 27754 21296 4.4603 6.5899 1.1262 196.93 198.11 179:0

Try these examples:

B.5.4

Condensate leaves the condensate extraction pump at
36°C., Determine the enthalpy of the condensate.

B.5.5

Feedwater is brought up to the saturation temperature in
the preheater. The steam pressure is 4 MPa(a). Determine
the enthalpy and temperature of the saturated liguid.

B.5.6

A steam generator operates at 4.11 MPa(a). The feed-
water entering the steam generator is subcooled by 65°C, ie,
65°C below tg. Determine the enthalpy of the feedwater.

B.5.7

Heat is added to the feedwater in the feedheaters and
deaerator. If the initial temperature of the feedwater was
35°C and the suction to the boiler feedpump was at 126°C,
determine the amount of heat added when the feedwater has

- reached the boiler feedpump suction, Check your answers at
the back of the module,

Latent Heat of Vapourization

This is the amount of heat required to effect a complete
change of state from saturated liquid to saturated vapour or
from vapour to saturated 1liquid. Although the wvalue of
latent heat appears under the heading of specific enthalpy -
it is not! If you recall, enthalpy was a heat value measured
from 0°C. The latent heat is the amount of heat added or
removed at constant temperature. The symbol is hfg and the
units are again kJ/kKg. The suffix 'f5' denotes transition
from a fluid to a gas.
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Example

Feedwater enters a boiler as saturated liquid at 140°C.
Determine the amount of heat that has to be added to produce
saturated steam and also the pressure of the steam,

Using Table 1, find tg = 140°C. I1f the feedwater is
saturated it is already at 140°C and only the latent heat has
to be added. Look across at column hfg and hegg = 2144 kd//kg
and the steam pressure is the saturation pressure of 3.614
bar,

Tamp. Abs.Prem, _ Specifie Enthalpy Specific Entropy Specific Volume Ternp,
h 4 bar LRI ®iikg “C dm/kg *C

T h h h .

3 p‘ f fg g % ‘!g 55;- ‘s vfg vg r‘
143.0 L 3BA 5831 21440 27331 1.7380 &5.15584 6.9284 1.0801  507.43 508.49 1400
150.5 3.6685 591.3 21425 27337 1.7442 K.1795 6.9237 1.0806 50071 £01.79 140.5
141 G 37 5824 21409 27342 1.7493 51696 6.9130 1.0811 494 11 495.19 141.0
1415 3.770 5956 213984 27350 1.7545 51597 6.9132 1.0816 487 .61 484 .69 1415
1420 3.823 597.7 21379 27356 1.7597 51493 89095 1.0821 a8y 22 482.30 142.0

Try these examples, the answers to which are at the end
of the module.

Saturated steam is produced from a steam generator at a
pressure of 5 MPa(a). The feedwater entering the steam gen-
erator 1is saturated. Determine the temperature of the feed-
water, the temperature ©f the steam and the amount of heat
which has to be added in the steam generator in order to pro-
duce the saturated steam. '

B.5.9

A condenser produces condensate at 32°C from saturated
steam. There is no subccoling of the condensate. Determine
the amount of heat which must be removed from the steam in
the condenser and the condenser pressure,
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Enthalpy of Saturated Steam

This is the total amount of heat that the saturated
steam possesses when measured from 0°C. This quantity is
shown under the column labelled 'h,' - total heat in the
'gas'. A closer inspection will show that hg is the sum of

hf and hgg.

Twmp, Abs.Press, Spacific Enthalpy Specific Entropy Spacific Volume Teomp.
ol o bar kJixg kl/xg °C dm3/kg “c

' .

« 'f ng S, V{ vfﬂ' Vg . f,
2100 24247 39293 6.3539 11726  103.07 104.24 210.0
211.0 24340 39126 6£.3466 1.1743 1105 10223 2110
212.0 2.4434 38960 6.3394 1.1760 99.09 100.26 2120
2130 . 2.4527 238794 £.232% 11777 97.182 ©98.330 2120
214.0 20,661 916.0 18818 27978 24620 3.8629 53299 1.1754 95282 96.482 214.0

It is a great benefit to be able to have some type of
schematic so that we can see where we are at this point in
time and subsequently determine either where the process was
previously or where it will be in the future.

As we have already discussed, ocur major aid in this
area, is the temperature enthalpy diagram.

Temperature,

°c

Fig. 5.1
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The steam tables are excellent if all we need to do is
calculate some values from given data. The only problem with
using steam tables is that you must know what is happening in
the process before you can use the tables. The temperature/
enthalpy diagram provides a visualization of the process
which may help us to understand when and how we may use the
steam tables. :

Before we look at any examples, let's consider some of
the aspects of the steam tables.

1. What happens to the saturation temperature as the pres-
sure increases?

2. What happens to the enthalpy of the saturated liquid as
the pressure increases?

3. What happens to the latent heat as pressure increases?
4, What happens to the enthalpy of saturated steam as pres-
sure increases? Have a look at the steam tables before

you read any further, and see if you can fully answer
these four questions.,

Temperature

As the pressure increases, so the saturation temperature
increases until it reaches a temperature of 374.15°C at a
pressure of 221.2 bar. At this pressure some major changes
occur as we will see in a minute.

Saturated Liguid

The enthalpy of the saturated liquid rises with pressure
up to a maximum value at this pressure of 221.2 bar,.

Latent Heat

The value of latent heat falls as the pressure rises.
At the pressure of 221.2 bar the wvalue of latent heat is
zero. The significance of this fact is that there is now no
gradual transition while steam is being generated. As soon
as the liquid has reached the saturation temperature, any
further addition of heat will cause a total change of liquid
to vapour. The pressure of 221.2 bar is called the critical
pressure. This is not an area with which we have any con-
tinuing concern but explains why hgg goes to zero at this
pressure,



Temperature

°C
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Enthalpy of Saturated Steam

As the pressure increases, the enthalpy of the saturated
steam increases. However, a closer inspection will reveal
that the value of the enthalpy of saturated steam reaches a
maximum of 2802.3 kJ/kg at a saturation pressure around 32
bar. The enthalpy then falls to a value of 2107.4 kJ/kg at
the critical pressure,

If we plotted the temperature enthalpy lines for all the
range of pressures we would produce a curve as shown below,
produced by Jjoining all the saturated liquid points and all
the saturated steam points.

Criticol

Point \

100.0 bar

Superheod
Steam

Wet Steom

Saturated
Liquid Saturated
Steam

10.0 bar

1.013 bar

L Latent Heat : 7
h

Enthalipy, kizkg

Fig. 5.2
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On this diagram we can see the saturation temperature
increasing, and the latent heat reducing as the critical
pressure is approached.

Let's consider an example to make this more meaningful.

Feedwater enters a steam generator at 175°C. The steam
generator produces saturated steam at 4 MPa(a). Determine
how much heat must be added to change the feedwater into
saturated vapour.

Before we consider using the steam tables, we must exam-
ine the process. We know that the steam is saturated at
4 MPa(a), which translates to 40 bar. At 40 bar the satura-
tion temperature is a little over 250°C. The feedwater is
subcoocled when it enters the steam generator. Drawing the
temperature enthalpy diagram we produce the following:

Temperature,
o
C
20— = — = — = - B
175k —~— A

—_—

¥

T e
Fig. 5.3

The process starting point is A where the enthalpy of
the liquid is hg @ 175°C (hfj175). The completion point is at
B where the enthalpy of the saturated steam 1is h, at 250°C

(h9250).
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The amount of heat to be added in the steam generator is
the difference between points B and A.

Thus heat to be added = hgp50 - hf175:

Using steam tables,

hgssg = 2800.4 kJI/kg
hfi7s5 = 741.1 kJ/kg.
Thus Q@ = 2800.4 - 741.1

2059.3 kJ/kg.

Before you try some examples, just examine Table 2 of
the steam tables. They are based on exactly the same layout
as Table 1, except that they use even increments of pressure
as the basis instead of temperature. If the temperature isg
quoted in whole degrees - use Table 1, 1f the pressure 1is
quoted in whole numbers use Table 2.

Try these examples, the answers to which are at the end
of the module. I would suggest you draw a partial tempera-
ture/enthalpy curve to illustrate the condition.

B.5.10

Saturated water at 30 bar is cooled to a temperature
that is 108°C below the saturation temperature. How much
heat has been removed?

B.5.11

A steam generator produces saturated steam at 186°C.
The feedwater, at the suction te the boiler feedpump, which
pumps the feedwater directly into the steam generator, is
liquid at 4.4 bar and 1s subcooled by 20°C. How much heat
has to be supplied to produce 1 kg of steam?

B.5.12
An o0il cooler has cooling water entering at 17°C and

leaving at 41°C,. Determine the increase in the enthalpy of
the water.

- 11 -



125 - B.5

B.5.13

A condenser at 5 kPa(a) receives saturated steam. The
condensate is subcooled by 5°C. Determine how much heat is
rejected to the condenser per kg of steam.

Enthalpy of Wet Steam

You may recall from the 'Basics' Module B6 that we could
describe 'wet steam' as steam which had not received all its
latent heat of vapcurization. This is a little contradictory
and it would be more accurate to describe wet steam as a mix-
ture of water droplets and wvapour, both at the saturation
temperature,.

Only the vapour has received its latent heat of vapour-
ization. How much latent heat will the wet steam receive?
That depends upon the proportion of wvapour in the mixture,
If 70% of the mixture by weight is wvapour, then 70% of the
latent heat has been added and a further 30% has to be added
before the droplets have all been converted into vapour and
we have saturated steam. Determining the enthalpy of wet
steam requires one more step in the calculation than previ-
ously.

In practice, we often use names and terminology which
makes understanding unnecessarily complicated. For example,
we talk about 'wet steam' but when we perform calculations
using ‘'wet steam' it is more usual to think about how 'dry'
it is and not how wet.

Dryness Fraction

The dryness fraction is a ratio, by weight, of the
amount of vapour in a mixture to the total weight of liquid
plus vapour,

weight of vapour x 100
welight of vapour + weight of liquid

q:

If the dryness fraction is 80% then 80% of the mixture
is saturated vapour and equally 80% of the latent heat must
have been added. Equally, 20% of the mixture is saturated
liquid.



Let's look again at the temperature enthalpy diagram to
see how we determine the enthalpy of the wet steam.

Temperature,

[a]

c 80% 20%
A —— - B ¢
¢ I
1 I
| i
1 k
I !
| i
| i
i

Enthalpy, Jrkg
Fig. 5.4

Suppose point B represents wet steam having a dryness of
80%. At point A the enthalpy is hg of the liquid. At a
point 80% along the line AC we will have added 80% of hgy.
Consequently, the enthalpy of the 80% dry steam will ge
hg + 0.8 hfg'

Consider this example: A steam generator produces steam
at 40 bar. The steam is 15% wet. Determine the enthalpy of
the steam,

If the steam is 15% wet it must also be 85% dry - thus
q = 0.85.

Using Table 2 hy at 40 bar = 1087.4 kJ/kg
& hgg = 1712.9 kI/kg.

1087.4 + 0.85 x 1712.9 kJ/kg

Thus enthalpy of steam

1087.4 + 1456 kJ/kg

2543.4 kJ/ka.

Do these exercises. The answers are at the end of the
module.,

- 13 -
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B.5.14

A low pressure turbine exhausts steam at 12% moisture
and at a pressure of 6 kPa(a). Determine the enthalpy of the
steam.

B,5.15

4 kg of liquid are removed from a meisture separator.
If the steam was 88% dry, what was the mass of wet steam
entering the moisture separator? Assume that the steam leav-
ing the moisture separator is saturated.

B. 5‘ 16

A steam generator produces wet steam of 92% dryness at
196°C. The feedwater enters the steam generator at 134°C.
Determine how much energy is added to the feedwater in the
steam generator.

B,5.17

A process heater produces saturated steam at 300°C from
18% wet steam at 18 bar. Determine how much heat has been
added to the steam.
B.5.18

A condenser receives 12% wet steam at 35°C. The conden-
sate is subcooled by 5°C. Determine how much heat has been
removed in the condenser.
B.5.19

Feedwater enters a steam generator at 160°C and is con-
verted into steam having a saturation temperature of 220°C.

The heat supplied by the steam generator is 1900 kJ per kilo-
gram of steam. Determine the dryness fraction of the steam.

Superheated Steam

In module B.6 on 'Basics', we define superheated steam
as steam which exists at a temperature above the saturation
temperature. Steam Tables 1 & 2 only deal with saturated
conditions; so another set of tables is required for super-
heated steam,



125 - B.5

Table 3 presents information for superheated steam.
This information is presented using a base of pressure which
is in bar as previously and is the first quantity across the
top of the page.

TABLE 3 — PROPERTIES OF WATER AND STEAM

piaby]bar 2.0 34 a0 54 6.0 r0
y, € 120.2 13315 1498 1518 1584 16%.0
R 5 ¥ A v ] 5 ¥ A F w " I ¥ ~ 1 L
Sat, Logrid AT 1.830 1.0651 E 1.672 1074 [ 1.¥78 1.084 B40.7 1.360 1,092 6704 1311 1.1t 8971 1.983 1.18
Sar, Vamaul 27i6 FAFL) a5 .4 2325 5.991 6Lh .8 Y 5254 422 ' 2748 819 3137 TIsE 5.13% 3158 F4l:T) B.10% xre,
]
L
1 M
a0 203.4 Q2,303 tme ool 8,703 1.013 a8 o703 1.2 2027 4703 1.2 W98 0703 tot2 Rl nToy .1,01
100 19,1 1307 1044 4182 1307 1044 4IR30 1307 1044 4194 1,307 1043 4134 1,307 1043 4193 13iG  10e
150 2769 1219 930.5 2750 ER o) §34.7 2752 6.920 47007 £12.2 1.842 1.891 &3x2 1842 1.0 6313 1341 LN+
e ] 2HH 1.507 1B FHES 1012 EAL-X) 2850 7N 5341 2855 1053 $23.3 9ED £.5635 I52.0 2E44 [ e
2o4) 0%t 1.no 1200 2968 7.518 158,49 2989 7.380 5952 81 7273 745 953 7.3 3932 154 Trar A
Jy 3arz? 7.E£14 1315 agra 1.703 B3 2067 1.568 B340 3065 7.463 522G e T.374 Al4.4 2030 1300 an.
350 N4 E.CHisd 1433 3172 874 953.5 30 1,640 T139 368 7634 Ly k- 7.548 atd2 2164 7.47% ALS
file] 27 8221 154% azis B4 19N 3274 1.835 1728 2272 TS 6172 ain 7. g 5115 3259 1535 A
R 2aa1 8377 1665 S3R¢ R181 1108 3 A0S 8100 3377 TO4E  Boki 16 7360 5528 337% TRE 4,
St o G hia 174N a3 3 376 1187 Haa 819837 289.2 Ja8d B.oRG 70 ek | 2.00) 531.4 J443 rei e
B 1395 EREL] 18 EEHES g 461 2G4 3583 3.32F 547 .4 3502 arn FET.4 B3 818 6209 3590 B.06d 4.
BOG P §r'a T3 l I 1550 1341 n 8.458 1605 3702 8.3853 8030 I I B.758 o] 3700 ARG 57
RS0 mE a3 N 3 5714 t419 JE1a°. BS80 1061 3913 B4TT BI04 } 387 8.297 TR agrs B.32Q car.
i .

Consider the column under the pressure heading of 4.0
(bar). . The next line lists the saturation temperature for
that pressure, ie, at 4.0 (bar) the tg is 143.6°C. The next
two lines contain three headings and we are only interested
in the enthalpy c¢c¢lumn headed 'h'. The enthalpy of the
saturated liquid and vapour is shown. In our illustration at
4.0 (bar) hy = 604.7 kJI/kg and hg = 2738 kJ/kg.

All this information 1is readily available from Tables 1
and 2. Now we have the difference. We have already seen
-that the saturation temperature at 4.0 (bar} is 143.6°C.
Suppose we have steam at 4,0 bar and at a temperature of
300°cC. How do we determine the enthalpy? At the extreme
left hand of the sheet is a temperature column. Look down
the column to the temperature of 300°C, then read across to
the entry in the column 'h' at 4.0 (bar) when the enthalpy
may be seen to be 3067 kJ/kg.

Example

Saturated steam at 10 bar from a meoisture separator is
heated to 230°C in a reheater. Determine a) the enthalpy of
the steam leaving the reheater, b) the heat added in the re-
heater.
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Again we can use the temperature/enthalpy diagram to
illustrate the conditions.

Temperoture,
o
C 230 — — e o e e
10 bar
Enthalpy, J/kg
Fig. 5.5
The 1initial condition is at point A where the steam is
saturated at 10 bar. The enthalpy may be determined £from

Table 2, hg = 2776 kJ/kg.

The final condition is superheated steam at a tempera-
ture of 230°C and a pressure of 10 bar. Using Table 3 we
have to take two readings because the temperature scale in
Table 3 only progresses in steps of 50°C.

At 10 bar and 200°C h

2827 kJ/kg, and

at 10 bar and 250°C h

2943 kJ/kg.
The difference for 50°C is 2943 - 2827 = 116 kJ/kg.

At 230°C the enthalpy will be enthalpy at 200°C + 30/50
of the difference 116.

Thus h

2827 + 3/5 x 116

a) 2896.6 kJ/kg.

The enthalpy difference represents the amount of heat
added in the reheater.

Final enthalpy - initial enthalpy = heat added 1in the
reheater.

b)  2896.6 - 2776 = 120.6 kJ/kg.
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Do these examples, the answers are at the end of the
module.

B.5.20

Determine the enthalpy of steam at 20 bar and a tempera-
ture of 375°C.

B.5.21

380 kJ of heat are added to 1 kg of 15% wet steam at 8
bar. Determine the temperature of the final steam,

* * * %X %

Before we proceed, with the course material, do the fol-
lowing exercises in preparation for the criterion test.

B.5.22

Given the following information, identify the states of
water as:

subcooled liquid
saturated liquid
wet steam
saturated steam
or superheated steam,

- b)

Enthalpy Temperature Pressure
a) 561.4 kJ/kg 133.5°C 3.0 bar
2323 kJ/kg 32.9°C 0.05 bar
c) 2855 kJ/kg 200°C 5.0 bar
d) 2538.2 kJ/kyg 20°C 0.02337 bar
e) 125.7 kJ/kg 30°C 0.07375 bar
B.5.23

Feedwater enters a steam generator at 180°C and is con-
verted into steam with 4% moisture at 260°C. How much heat
is added in the steam generator per kg of steam?

-17 -
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B.5,24
Steam which is 12% wet enters a condenser at 36°C., The

condensate is subcooled by 3°C. Determine how much heat is
rejected to the condenser per kg of steam.

Volume of Ligquid and Vapour

As discussed in the 'Basics' module, one of the effects
of changing temperature on a fluid is the change of volume.
This applies to both ligquids and vapours. In the specific
process of adding the latent heat of vapourization the change
in volume is phenomenal. The steam tables will allow the
volumes to be calculated without any difficulty.

Looking at Table 1 of the steam tables, the last column
group 1is headed "Specific Volume", Specific volume is voclume
per unit mass. In the S5.I, system there are tw¢o acceptable
volume measurements:

a) the cubic meter - 'm3!

b) t%e liter, which is one thousandth of & cubic meter -
1 ]

The steam tables use the liter which they call the c¢ubic
decimeter - dm3.

Volume of Ligquid

The volume of liquid per kilogram is found under the
column headed vg - volume of fluid.

Examgle

Determine the volume of 30 kg of water at 55°C,
Looking at Table 1, at temperature tg = 55°C, select the

value of v¢ = 1.0145 J/kg. Thus 30 kg will occupy 30 x
1.01454 = 306.435 /.

Do these examples and check your answers at the end of
the module,
B.5.25

A tank holds 3 m? of water at 90°C. How many kg of
water are in the tank?
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B.5.26
Condensate at 36°C is heated to 175°C in the feedheating

system, Determine the percentage increase in wvolume of the
feedwater.

Volume of Saturated Steam

There is a large increase in the volume of working fluid
as the transition from liquid to vapour occurs. This 1is
particularly true of vapour at low pressures. The volume of
saturated steam is shown in the steam tables, still looking
at Table 1, under column Vg

Example

Saturated steam at 80°C 1is condensed to saturated
ligquid., Determine the reduction of volume which occurs,

Using Table 1, vg at 80°C = 3409.1 ﬂ/kg, and

ve = 1.0292 fJ/kg.

So sensibly, the volume has been reduced from 3409
liters to just over 1 liter.

Do these examples and check your answers at the end of
the module.
B.5, 27

Feedwater enters the steam generator at 175°C. The
steam leaving the steam generator 1is saturated steam at
250°C. Determine the volume increase that occurs within the
steam generator.
B.5.28

Saturated steam at 40°C is condensed to subcooled liquid

at 35°C, Determine the wvolume reduction.

Volume of Wet Steam

The volume of wet steam is treated in exactly the same
way as we treated the enthalpy ©of wet steam. The volume of
the wet steam is equal to the volume of the liquid plus the
dryness fraction multiplied by the change in specific volume
when going from liquid to vapour, ie, v = vg¢ + qVEge
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Example

Determine the volume of steam at 12% moisture and 165°C,

From Table 1, vg = 1.1082 [/kg and vgg = 271.29 I/kg.

<
i}

VE + QVeq

L}

1.1082 + 0.88 x 271.29

bl

239.8 f/kg.

Do these problems and check your answers at the end of
the module.

B.5.29

Saturated steam at 250°C enters the hp turbine and steam
with 12% moisture leaves the low pressure turbine at a pres-
sure of 5 kPa{a). Compare the initial steam volume per kg
with the final volume.

B.5.30
The low pressure steam 1in guestion B.5.29 is condensed

to condensate which is subcooled by 3°C. Determine the
volume reduction which occurs in the condenser.

Steam Hammer

This process should not be confused with "water hammer”
which is the result of rapidly accelerating or decelerating
the flowrate of fluids and is usually more of a problem in
“liquids.

Steam hammer is assocliated with hot pressurized water
systems. Steam hammer 1is the result of continuous rapid
vapour production and c¢ontinuous recondensation within the
system, ' -

The problem occurs in lines which have large amounts of
pressurized hot liguid that is reasonably close to the satur-
ation temperature. Imagine you have a line full of hot water
at 160°C at a pressure of 1 MPa(a). The saturation tempera-
ture corresponding to 1 MPa(a) is 180°C which means that the
liquid in the line 1is subcooled and there can be no vapour
present.

2N



Suppecse there is no flow and we have to commission the
circuit by opening the downstream valve. What will happen to
the pressure in the line upstream when the wvalve is opened?
It will fall! 1If the pressure falls to the saturation pres-
sure corresponding to 160°C, ie, 618 KPa(a) vapour will be
produced in the line,. -

The effect of producing vapour creates a momentary pres-
sure increase which results in some of the vapour recondens-
ing. As the vapour condenses, liquid moves in rapidly to
occupy the low pressure volume previously occupied by the
vapeur and produces a shock or hammering of the line.

The liguid shuttles to and fro in the line with violent
reaction which can result in severe damage to pipework and
valves,

In this overall process the pressure is unstable and
fluctuating rapidly, causing pockets of vapour to be produced
at the same time causing other pockets of vapour to condense,

The solution to this problem is to prevent the pressure
falling down to the saturation value. The problem is most
likely to be encountered when warming up a line where heavy
condensation may have resulted in a large volume of liquid.
Open the valves very slowly and if steam hammer is experienc-
ed, you know that the pressure in the line is too low and the
flowrate should be reduced to raise the line pressure until
the line is free of liquid.

*x % % % %

B.5.31

Briefly describe the process of "steam hammer" and ex-
plain how it could be avoided.

Pressure, Volume, Temperature, Mass Relaticonships

In a constant volume water filled system provided with
means of adding and/or removing water, the variance of tem-
perature, pressure, mass and fraction of liquid and vapour is
determined as follows:

Example
You are given a constant volume, 4 m3 system that has

provision for addition and/or removal of water with the fol-
lowing initial conditions:
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Temperature 150°¢C
Pressure 476.0 kpPa(a)
Volume of Liguid 3.5 m3
Volume of Vapour 0.5 m3

Mass of Water 3210 kg

If the temperature of the system is lowered to 100°C at
constant pressure, state whether the volume of liquid, volume
of vapour, and mass of water will increase, decrease, or re-
main constant, Explain your statement and determine the
amount of any changes that occur.

* %k Kk * *

As the temperature of the system goes from 150°C to
100°C, water must be added to the system to maintain constant
pressure.

The pressure of the system will fall as the temperature
goes from 150°C to 100°C {unless water is added to maintain
the pressure at 476.0 kPaf{a)). This is because the system is
a mixture of liquid and vapour, ie, a saturated system. As
water 1is added, the system will no longer be saturated: the
vapour will condense. The system will be completely liquid
at the final conditions (ie, the ligquid volume will increase
from 3.5 m3 to 4.0 m3 and the vapour volume will decrease
from 0.5 m3 to 0.0 m3). Water must also be added to maintain
the pressure because o0f the contraction of the liquid as its
temperature drops.

To determine the increase in the mass of the water, we
will use the specific volume at the final conditions. For
practical purposes, liquid water is incompressible. Its
specific volume at 100°C and 4.76 bar_ is thus the same as
Veloo®er ie. 1.044 f/kg, or 1.044 x 1073 m3/kg.

4m3 of liquid water at 100°C and 4.76 bar represents:

4 m3 + 1.044 x 10-3 m3/kxg = 3831 kg.

Therefore the mass of water will increase 3831 - 3210 =
621 kg.

* * * * *

Do these problems, then check your answer with those at
the end of the module.
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B.5,32

Consider a constant volume 5 m3 water filled system with
these initial conditions (and with provision for adding and/
or removing water):

Temperature 198.3°C
Pressure 1.5 MPa(a)
Volume of Liquid 5.0 m
Volume cof Vapour 0.0 m3
Mass of Water 4334 kg

The system is cooled to 150°C constant pressure. Will
the volume of liquid, volume of vapour, and mass of water in-
crease, decrease, Or remain constant? Explain your answers,
and determine the amount of any changes that occur.

B.5.33

The system in B.5.32 1is cooled to 150°C at constant
mass. Will the pressure, volume of liquid, and volume of
vapour increase, decrease, or remain constant? Explain your
ANSWELS .

BI5.34

The system in B.5.32 1is heated at constant pressure
until the temperature reaches 250°C. Will the volume of
liquid, volume of wvapour, and mass of water increase, de-
crease, oY remain constant? Explain your answer, and determ-
ine the amount of any changes that occur.

* % Kk ® %

This module is perhaps the most demanding in this pro-
gram. The benefit of having worked your way through this
material will become apparent in later modules.

When you are ready to take the criterion test, ask the
Course/Shift Manager for the test.

After you have written the test, ask for the self evalu-

ation sheet and compare your answers with those on the evalu-
ation sheet,

- 23 -



Finally discuss your criterion test with the Course/
Shift Manager and if you are both satisfied with the results,
have the Manager sign your progress summary sheet. If you
identify areas that need reinforcing, return to the course
material and retake the test when you feel that you are com-
petent.

When you have successfully completed module B.5 you may
proceed to the next module on the course map, B.4.2 or B.3.2.



Answers

MODULE B.5

STEAM TABLES

B.S.l

In Table 1 of the steam tables, find 135°C in the tg
column. The pressure corresponding to 135°C is found in the
next column on the right, ie, 3.131 bar.

B.5.2

Find 1.985 bar in the pg column of Table 1. The satura-
tion temperature is 120°C, Does the temperature of the steam
fall as the heat is removed from the saturated steam? No it
does not! The steam guality changes as the latent heat is
removed making the steam wetter but the temperature remains
the saturation temperature of 120°C.

B.5.3

Find 140°C in the tg column and the corresponding pres-—
sure is 3.614 bar. :

B.5.4

Find 36°C in the column tg. Look at the value of
enthalpy under the column hg. The enthalpy of the condensate
is 150.7 kJ/kg.

B.5.5

The pressure of 4 MPa{(a) is equal to a pressure of 40
bar. Finding the nearest pressure to pg = 40 bar pg = 39.776
bar {(in Table 1l). The saturation temperature at 39.776 bar
is 250°C and the enthalpy of the liquid hf is 1085.8 kJ/kg.

B.5.6

The pressure of 4,11 MPa(a) is equal to 41.1 bar. Look-
ing down the pg ¢olumn for 41.1 we can see pg = 41.137 to the
nearest reading. The saturation temperature at this pressure
ig 252°C. If the liquid is subcooled by 65°C it must be 65°C
below the saturation temperature. Thus, the temperature of
the liquid entering the steam generator ig 252 - 65 = 187°C.
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The enthalpy of the liquid at 187°C may be found by
looking at the value of hf when tgy¢ is 187°C and you can see
the value of hg is 794.2 kJ/kg.

B.5.7

The initial enthalpy at 35°C is hg¢ when tg = 35°C

The final enthalpy at 126°C is hg when ts = 126°C
he = 529.2 kJ/kg.

So the amount of heat added is the difference, ie,
529.2 - 146.6 = 382.6 kJ/kg.

B.SOS

A pressure of 5 MPa{a) is equal to 50 bar. The nearest
pressure in Table 1 is 50.071 bar. The saturation tempera-
ture at this pressure is 264°C. The feedwater is saturated
sO its temperature is 264°C. The steam from the steam gener-
ator is saturated, so its temperature 15 264°C as well. The
heat which has to be added in the steam generator to produce
the saturated steam is the latent heat of vapourization heg
and hggy at 264°C is 1639.2 kJ/kg.

B.5'9

There is no subcooling of the condensate, therefore, the
temperature of the condensate is the gsaturation temperature.
The steam is saturated and so the amount of heat that has to
be removed to change saturated steam into saturated liquid is
again the latent heat of vapourization. hfg at tg = 32°C is
2425.9 kJ/kg.

The saturation temperature determines the pressure and
Ps at tg = 32°C is 0.04753 bar which is 4.753 kPa{a).

B.S.lo

By sketching the temperature/enthalpy curve for 30 bar
we can examine the problem more closely.



Temperoture,

30 bar

Enthalpy, Jkg
Fig. 5.6

At 30 bar the saturation temperature is 233.,8°C from
Table 2. The liquid is subcooled by 108°C so its final tem-
perature is 233.8 - 108 = 125.8°C. The enthalpy of the
saturated liquid is hg at 233.8°C and the enthalpy of the
liquid at 125.8°C is hg at 125.8°C. Consequently, the dif-
ference in the enthalpies represents the amount of heat which
has been removed.

hfoa33. 8 1008.4 kJ/kg

hfy25,8 = 529.2 kJ/kg. |
1008.4 - 529.2

So the heat removed

479.2 kd/kg.

B.5.11

Again plot the two conditions on the temperature enthal-
py diagram. The final condition is saturated steam at 186°C
and the initial condition is subcooled liquid at 4.4 bar, the
amount of subcooling is 20°C. If we look up tg for 4.4 bar
in Table 2, we find the value is tg = 147°C, Thus the tem-
perature of the liquid is 147 - 20 = 127°C.
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Temperoture,
°c

Mgsf —

t
127

Enthalpy,
Fig. 5.7

The enthalpy of the saturated steam is hg at 186°C.
Using Table 1, hg1ge = 2781l.2 kd/kg.

The enthalpy of liguid at 127°C is hg¢ at 127°C, again
using Table 1 hgjg7 = 533.5 kJ/kg.

Sc the amount c¢f heat to be supplied is the difference
between the final and initial conditions, ie, hgjgg = hfyp7

B.5.12

The increase in enthalpy of the cooling water is the
difference between the enthalpy of the water at 41°C and the
initial condition of 17°C.

Enthalpy at 41°C 171.6 kJ/kg.

hegy

Enthalpy at 17°C hegry = 71.3  kJ/kg.

fl

(Both wvalues from Table 1)

Thus the increase = 171.6 - 71.3 = 100.3 kJ/kg.
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B.5.13

The condenser pressure is 5 kPa(a) which is 0.05 bar.
From Table 2 the saturation temperature for this pressure is
32.9°C. The condensate is subcoeled by 5°C which means that
the condensate temperature is 32.9 - 5 = 27.9°C,

Again a sketch on the temperature enthalpy diagram is
worthwhile,

Temperature,

OC_

329p — —— —
27.9} —— — —

et — ey v— —— —

.A.' . 29 T .

" NGqy gt T
Enthalpy, J/ke
Fig- 58

Although this is a removal of heat, the quantity involv-
ed is still the difference between the initial and final con-
ditions.

The enthalpy of the initial condition is hg at 0.05 bar,
which from Table 2 is 2561.6 kJ/kg.

- The enthalpy of the final condition is hg at 27.9°C,
which from Table 1 is 117 kJ/kg.

Again the change in enthalpy is the amount of heat re-
jected to the condenser per kg of steam, ie, 2561.6 - 117 =
2444.6 kJ/kg.

B.5.14

If the steam has 12% moisture, it 1is 88% dry and has
therefore received 88% of its latent heat of vapourization.



Consequently the enthalpy of the steam is hf + 0.88 hgge
151.5 kJ/kg.

hg at 6 kPa(a), Table 2

hgg at 6 kPa(a), Table 2 2416.0 kJ/kqg.

151.5 + 0.88 x 2416.0 kJ/kg

The enthalpy of the wet steam
= 151.5 + 2126.1 kJ/kg

= 2277.6 kJ/kg.

BIS'lS

The 4 kg that was removed represents the liguid or drop-
lets in the steam. If the steam was 88% dry it must also
have been 12% wet. Consequently the 4 kg represents 1l2% so

the total weight of wet steam is 1-% x 100 = 33.3 kg.

B. 5. 16

The energy added to the feedwater in the steam generator
is the difference between the final enthalpy of the wet steam
at 196°C and the feedwater at 134°C.

Temperature,
°c
1986 — — — —
| ]
134f v = e ! |
] ) | |
| I |
i i [
e 1 '
e l
T Yee " 052htgi0% >
Enthalpy, J/kg
Fig.5.9
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Using Table 1, enthalpy of saturated liquid at 196°C is
834.4 kJ/kg and the value of hfg is 1954.1 kJ/kqg.

The enthalpy ©of the wet steam is

hg + ghgg = 834.4 + 0.92 x 1954.1 kJ/kg

[

834.4 + 1797.8 kJ/kg

2632.2 kJ/kg.
From Table 1, enthalpy of liquid at 134°C = 563.4 kJ/kg.

Energy added in the steam generator is the difference
between the two enthalpies ie, 2632.2 - 563.4 = 2068.8 kJ/kg.

B.5.17

Again the difference in the enthalpies is the solution
to the problem. The final condition is saturated steam at
300°C - from Table 1 - hg = 2751 kJ/kg. .

The initial condition of 18% wet steam at 18 bar may be
quantified using Table 2. The enthalpy of the saturated
liguid is 884.6 kJ/kKg and the value of hfg is 1910.3 kJ/kg.

Enthalpy of wet steam is hg + thg

884.6 + 0.82 x 1910.3 kJ/kg

884.6 + 1566.4 kJ/kg

il

2451.0 kJ/kg.

Quantity of heat added is the difference between these
two enthalpies, ie,

2751 - 2451 kJ/kg

= 300 kJ/kg.

B. 5' 18

This problem is exactly the same as the steam generator
problem except that the heat is being removed and not added.
The initial condition is 12% wet steam at 35°C, The conden-
sate is subcooled by 5°C. The saturation temperature is 35°C
50 the condensate temperature is 35 — 5 = 30°C,.

A sketch of the temperature/enthalpy curve may be use-
ful.
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Temperatyre,
)

C

Enthalpy, J/kg
Fig. 5.10

The initial condition is the wet steam. Using Table 1,

heg at 35°C = 146.6 kJ/kg and hg, = 2418.8 kJ/kg.
£ fg

Enthalpy of wet steam = hf 4 ghgqy

= 146.6 + 0.88 x 2418.8 kJ/kg

= 146.6 + 2128.5 kJ/kg

= 2275.1 kJ/kg.

The final condition is of condensate at 30°C.
hgyp = 125.7 kd/kg.
Heat removed is the difference between these two
pies, ie,
2275.1 -~ 125.7 kJ/kg

= 2149.4 kJ/kg.

enthal=-
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Temperature,
°c
220f = = e —

e 1900 ki kg, ——

Enthalpy, Jkg
Fig. 5.1

In this problem we know the initial condition, 1liguid at
160°C and we know that the final condition is after the addi-
tion of 1900 kJ of heat.

hfglgg = 675.5 RI/Kkg.

Final enthalpy is 675.5 + 1900 = 2575.5 kJ/kg.

This is the enthalpy of the steam at 220°C. Using
Table 1, a quick inspection will tell whether the steam is
saturated. hgppg = 943.7 kJ/kg and hgppg = 2799.99 kJ/kg so
the steam from the steam generator is wet steam and we must
use the expression for the enthalpy of wet steam h = hg +

thgo
heggo = 943.7 and hpgppg = 1856.2 kd/kg.

The final enthalpy h is known, ie, 2575.5 kJ/kg the only
unknown is 'g'.

Using h = h¢ + ghgg.

Substitutings:
2575.5 = 943.7 + g x 1856.2
1631.8 = g x 1856.2
g = (l631.8/1856.2) x 100

87.9%.
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B.5.20

Using Table 3, under the pressure column of 20 bar, the
value of enthalpy at 350°C is 3139 kJ/kg, and at 400°C is
3249 kJ/kg. The enthalpy at 375°C is the mean of these two
values = (3139 43249) 0.5

= 3194 kJ/kg.

B.5.21

Use the temperature/enthalpy diagram to plot the two
conditions,

Temperafure,
C s

L

B bar

"y
Enthalpy, J/kg 0 J/kg

Fig. 5.12
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First of all we must determine the enthalpy of the wet
steam h = hf + ghgg. At 8 bar and 15% moisture, using
Table 2

h 720.9 + 0.85 x 2046.5

720.9 +1739.5 kJ/kg

2460.4 kJ/kg.

We are told that the enthalpy is increased by 380 kJ
of heat, so we can determine the new enthalpy, Iie,
2460.4 + 380 = 2840.4 kJ/kg.

Using Table 3, under pressure column 8 bar, we see that
the new enthalpy is for steam just fractionally hotter than
200°C, near enough for convenience.

B.5.22

a) Using Table 2, at 3.0 bar the tg is 133.5°C so the con-
dition is at tg. hfy at tg = 561.4 kJ/kg so the condi-
tion is saturated liquid.

b) Using Table 2, at 0.05 bar, tgis 32.9°C so again the
condition is at tg4. he, at tg, = 137.8 kJ/kg so the
condition is greater than that of saturated liquid. hg,,
at tg = 2561.6 kJ/kg. Now this is more enthalpy than
the stated 2323 kJ/kg so the fluid is not saturated
steam. It is somewhere between saturated liquid and
saturated vapour, ie, wet steam,

c) Using Table 2, at 5.0 bar tg = 151.8°C and we are told
the steam is at 200°C, so obviously the steam is super-
heated.

d) Using Table 1, at 20°C the pg is 0.02337 bar, so the
condition of the £fluid is at the saturation tempera-
ture. hy at 20°C is 83.86 kJ/kg and the quoted enthalpy
was 2538.2 kJ/kg so the condition is well above the
saturated liguid condition. 1In fact as may be seen from
the tables, the value of hy at 20°C is 2538.2 kJ/kg so
the condition is saturated Steam.

e) Using Table 1, at 30°C the pg is 0.04241 bar which is
less than the quoted pressure. The saturation tempera-
ture for the quoted pressure is 40°C so the condition 1is
subcooled liquid.
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B.5.23

Using the temperature enthalpy diagram,

Temperoture,
o
C o,
96 7
260p — == — — — 1 By
180} — —— &

Enthalpy, J/kg
Fig. 513

the initial condition is liguid at 180°C. From Table 1, he¢
at 180°C = 763.1 kJ/kg. The final condition is steam with 4%

moisture at 260°C. The enthalpy of the wet steam is

he at 260°C

1t

1134.9 kJ/kg.

hfgg at 260°C l66l.5 kJd/kg.

Thus h

1134.9 + 0.96 x 1661.5 kJ/kg

1134.9 + 1595.04 kJ/kg

2729.9 kJ/kg.

The amount of heat added in the gsteam generator is the
difference between the two enthalpies, ie, 2729.9 - 763.1

= 1966.8 kJ/Kg.



B.5.24

Again use the temperature/enthalpy diagram.

Temperature |
LEP
pl
36-—-—-——-—-—--.——
K e iy

Enthalpy, J7kg
Fig. 514

The initial condition is 12% wet steam at 36°C. The
final condition is condensate at 36 - 3 = 33°C.

hig = hf36 + 0.88 x hfg36 (12% wet = 88% drvy)

150.7 + 0.88 x 2416.4

150.7 + 2126.4 kdJ/kg

2277.1 kJ/kg.
The enthalpy of the condensate is hg3z = 138.2 kJ/kg.

Thus the heat rejected in the condenser is the differ-
ence, ie, 2277 - 138.2 = 2138.9 kJ/kg. :

B.5.25

The tank of water has a volume of 3 m3 = 3000 £. Look~
ing at Table 1, v¢ at 90°C = 1.0361 f/kg. :

From the definitions of specific volume, specific volume
= yolume,/mass. ‘
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We can rearrange this equation for mass thus,

mass = volume/specific volume
= 3000/1.0361 kg
= 2895.47 kg.
B.5.26
Using Table 1, vg at 36°C = 1.0063 J/kg and vg at

175°C = 1.1209 //kg.

The increase in vy is 1.1209 - 1.0063 = 0.1146 f/kg.

. . . 0.1146 .
As a percentage increase this is 1700€3 X 100 = 11,4%,
B.5.27
Using Table 1, vg¢ at 175°C = 1.1209 [J/kg and vg at

250°C = 50.037 f/kqg.

The volume increase is essentially 49 liters or an in-
crease in volume of 45 times. It is apparent that when a
change of state from liquid to vapour, or vice versa occurs,
the predominant wvolume c¢hange is concerned with the wvapour
and to all practical purposes the ligquid wvolume can be
considered as unity.

B.5.28

From Table 1, Vg at 40°C is 19546.1 J/kg and vg at 35°C
= 1.0059 f/xg.

: Thus the volume reduction is 19546.1 - 1,0059, sensibly
19545 f/kg.

B.5.29

The initial condition 1is saturated steam at 250°C,
Using Table 1, v4 at 250°C = 50.037 ﬁ/kg. The final condi-
tion 1is steam with 12% moisture, which is the same as steam
which is 88% dry, at a pressure of 5 kPa(a).

Using Table 2, vg¢ at 0.05 bar = 1.0052 //kg

it

and, vgg at 0.05 bar = 28193.3 //kg.



With ve¢g as large in comparison to vg it is by far the
predominant gactor.

Thus v Ve + QVig

1.0052 + 0.88 x 28193.3

1 + 24810

24811 f//kg.

So the volume has increased from 50 to 24811 fZ/kg which
is an increase of 496 times., That's why we need three mas=~
sive low pressure turbine casings to accommodate this tremen-
dous increase in steam volume.

]

B.5.30

The volume of the low pressure steam is, as we already
calculated in guestion B.5.29, 24811 //kg.

It is of no consequence, in this application, whether
the condensate is subcooled, at 100°C or 200°C. Essentially
its volume will be around 1 f/kg. The volume reduction will
be from 24811 f/kg to 1 ﬂ/kg, ie, a reduction of ~ 25000
times. It is this tremendous reduction in volume that cre-
ates the vacuum in the condenser.

B.5.31

The process of "steam hammer™ is caused by fluctuating
pressure in a line continuously creating pockets of vapour
and condensation. This effect occurs when ligquid reaches
saturation conditions and results in violent oscillations of
ligquid within the pipe which cause hammering on the pipework
that results in severe damage.

The problem may be avoided by operating valves very
slowly when warming a line and increasing the line pressure
if steam hammer should commence, by reducing the flowrate in
the line. :

B.5.32

The final conditions for the water are 150°C and 1.5
MPa(a), (= 15 bar}. Using Table 2, this will be subcooled
liguid. Thus the entire volume of the system is liquid, and
the liquid volume remains constant at 5.0 m3,
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Since the liquid wvolume remains at 5 m3, the vapour
volume is © m3 and this volume alsc remains constant.

From Table 3, Vg at 150°C and 15 bar is 1.090 [/kg, or
1.090 x 10~3 m3/kg. The mass of 5.0 m3 of liquid water at
150°C and 15 bar is 5.0 m3 =+ 1.090 x 10~3 m3/kg = 4587 kg.
Thus the mass of water increases by 4587 - 4334 = 253 kg.

B.5.33

As the liquid water is cooled it contracts. Thus for a
constant mass and decreasing temperature, the liguid volume
will decrease.

The decrease 1in liquid volume creates a space in the
system. Some vapour is produced to fill this space - that
is, the vapour volume increases. Effectively, some of the
heat lost by the liguid in going from 198.3°C to 150°C is
used to vapourize some of the liguid.

As the water cools, .its pressure decreases. The pres-
sure of the system at 150°C and saturated (because there is a
mixture of liquid and vapour) has decreased to 4.76 bar (ie,
476 kPa(a)). T

B.5.34

Since the water in the +tank initially is saturated
ligquid, addition of heat will produce steam. In order to
hold the pressure constant, the steam must be released from
the system as it is generated. The temperature of the system
remains constant until all the liquid has boiled {(all the
while wvapour 1is leaving the system). When there is only
saturated vapour in the system, heat addition causes the tem-
-perature to rise to 250°C. At the final conditions (250°C
and 15 bar) the system contains superheated steam, ie, the
volume of liquid has decreased from 5.0 m3 to 0.0 m3 and the
volume of wvapour has increased from 0.0 m3 to 5.0 m3.

The mass ©f the water has decreased, since steam "is re-
leased as boiling occurs and as superheated vapour is produc-
ed. From Table 3, superheated steam at 250°C and 15 bar has
specific volume 152.0 f/kg = 152.0 x 102 m3/kg. 5 m3 of
superheated steam at 250°C and 15 bar have mass 5 m3 + 152.0
x 1073 m3/kg = 32.9 kg. The mass has decreased 4334 - 32,9 =
4301 kg.

J. Irwin-Childs
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Heat & Thermodynamics

MODULE B.4.2

ENTROPY, THROTTLING & MOLLIER DIAGRAM

Course Objectives

1.

Given a calculator and a set of S5.I. steam tables, you
will be able to perform the following calculations:

a} Determination of final dryness fraction of steam
expanded isentropically.

b} Initial dryness fraction of steam prior to throttl-
ing.
Using a sketch of a Meollier diagram that you have

drawn, you will be able to explain:

a)l Why nozzle governing is used on peak loading tur-
bines, and

b) Why throttle governing is used on base lcocading tur-
bines.

Enabling Objectives

1.

Illustrate a series of processes associated with the
steam turbine on a Mollier diagram, which the student
has sketched.

You will be able to explain how moisture separation and
reheating increase the enthalpy of the process system.

November 1981 -1 -
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Entropy

The conception of "Entropy" presents a difficulty be-
cause it does not represent anything tangible or anything
that has an immediate physical significance.

Entropy means 'spread' and any increase of entropy, in-
creases the spread of energy, and as a result, lowers the
availability of that energy for doing useful work.

If we had two different quantities of liquid, both hav-
ing the same amount of heat but at different temperatures,
the liquid at the higher temperature would have less entropy
than the liguid at the lower temperature. Although the ener-
gy levels are the same, there is less energy available from
liquid at the lower temperature.

In any real process, the entropy increases. In a com-
pletely ideal process, entropy stays constant. The process
when entropy stays at the same value is called an ISENTROPIC
process and provides a useful base to compare the perfor-
mance of practical systems with the ideal performance.

We will not concern ourselves with entropy beyond a
simple state. You may recall in Module B.5 ‘'Steam Tables',
that the only columns we did not look at were those headed
"Specific Entropy".

When loocking at the simple use of entropy, we can use
it in exactly the same way as we did enthalpy, ie,

entropy of saturated steam is Sg
entropy of saturated liquid is Sf

entropy of wet steam is Sg + qSfq-

Example

Saturated steam enters a low pressure turbine at 200°C
and 1is exhausted at a pressure of 6 kPa{a). Determine the
dryness fraction of the steam leaving the low pressure tur-
bine if the expansion is ideal, ie, isentropic.

Before we look at any values, the whole question re-
volves around the fact that the value of entropy before the
steam expands is exactly the same as after the expansion.
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The steam prior to expansion is saturated at a tempera-
ture of 200°C. The entropy will be S4 at 200°C, whichk from
Table 1, is 6.4278 kJ/kg°C. {The unigs for entropy are the
same as those for specific heat capacity).

After expansion the steam will be 'wet' and we don':

know the wvalue of 'q', the dryness fraction. The steam is
at 6 kPa{a). Using Table 2,

S

0.5209 kJ/kg°C.,

Sgg = 7.8104 kJ/kg°C.

If the entropy 1is to be constant during the process,
the initial entropy is equal to the final entropy.

ie,;  Sg200 = Sf(0-06bar) + 95£g(0-06 bar)
0.5209 + q x 7.8104

thus 6.4278

5.9069

q x 7.8104

. _ 5.9069

..q—m—'ﬁ"-q—=75.6%.

Do these examples and compare your answers at the end
of the module.,

B.4.2.1

Saturated steam at 160°C is allowed to expand isentro-
pically until it is rejected to a condenser at pressure of 1
bar. Determine the dryness fraction of the steam at the
exhaust to the condenser.

B.4.2.2

Steam which is 4% wet at 15 bar is expanded, isentropic-
ally to 60°C. Determine the dryness fraction of the final
steam condition,

B.4.2.3
Saturated steam 1is expanded isentropically to 36°C

where the dryness fraction is 87%. Determine the tempera-
ture of the initial steam.
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Throttling

This is a process where a compressible fluid expands
from one pressure to a lower pressure. This is the process
which occurs through the governor steam valves on the tur-
bine when the governor steam valves are not full open. The
smaller the percentage opening the greater the throttling
effect becomes.

When throttling takes place, the enthalpy of the fluid
remains constant, ie, the enthalpy before the partially clos-
ed governor steam valve is equal to the enthalpy after the
valve, This is true because the process occurs at high speed
and there is no time for heat to pass through the containment
walls. Secondly, there is no reduction of enthalpy due to
work because there is no work done.

A significant change occurs with steam that is wet when
throttled to a lower pressure.
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A look at the temperature enthalpy diagram will help
illustrate the condition,

Temperature,

Enthalpy, J/kg
Fig. 4.2.)

Suppose at point A we have steam which has a small mois-
ture content and exists at pressure Pj. If we throttle the
steam to a lower pressure Pj, the enthalpy will remain con-
stant and condition of the steam will be at point B.

The saturation line for the steam is not vertical and we
can see that as the pressure falls, during the throttling
process, the steam becomes dryer until it becomes saturated
at point 'C' and then becomes superheated steam at point B,
Don't forget the enthalpy has not changed.

Why is this event of any significance? During perform-
ance tests and commissioning of steam turbines using wet
steam, it 1is essential to check the steam quality against
design wvalue to ensure that the turbine does not suffer
severe erosion damage because of excessive levels of mois-
ture. :

You know that you have wet steam and you know the tem-

perature and pressure. Is it any problem determining the
dryness fraction of this steam? Sure there is! Knowing only
the temperature and pressure you could have anything from
saturated liquid through to saturated wvapour, The missing

factor is the value of enthalpy and with the given informa-
tion, pinpointing this quantity is impossible,
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However - if we could throttle the wet steam to a lower
pressure and produce superheated steam, then knowing the
pressure and temperature at this point would allow us to look
up the enthalpy in Table 3 of the steam tables. Once we have
found the enthalpy, which remains constant, we can determine
the dryness fraction of the wet steam.

Here's an example -~ wet steam is throttled from a pres-
sure of 40 bar to a pressure of 0.1 bar when the temperature
is 100°C. Determine the dryness fraction of the initial wet
steam,

Using Table 3, at 100°C and a pressure of 0.1 bar, the
enthalpy of the superheated steam is 2688 kJ/kg.

We know that the enthalpy was constant and by using
h = hg + ghgg we can find 'q’.

Using Table 2, at 40 bar hf = 1087.4 kJ/kg, and
hegg = 1712.9 kJ/kg.

The enthalpy of the steam is 2688 kJ/kg.

Thus 2688 = 1087.4 + q x 1712.9
1600.6 = g x 1712.9 kJ/kg
1600.6
9% 37129

= 93.4%.

Do these problems and check your answers at the end of
the module,

B.4. 2.4

Wet steam at 154°C 1is throttled to atmosphere at 1 bar
and the temperature is measured to be 125°C. Determine the
dryness fraction of the wet stean.
B.4.2.5

Initially wet steam at 15 bar is throttled to produce

steam at 75°C and a pressure of 5 kPa(a). Determine the dry-
ness fraction of the wet steam,
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Mollier Diagram

This chart may be thought of as a graph of steam table
values, with some other information added. Although there
are many calculations that may be effectively performed
using the diagram, we shall not be concentrating on this use
of the diagram.

The temperature enthalpy diagram is limited in what it
can show 1is happening in a process and this is the major
benefit of looking at a Mollier diagram. We are going to
use the diagram to describe the process and use the steam
tables to make any calculations that are necessary.

Let's examine the information which is presented on the
diagram,

Axes

The diagram is a plot of enthalpy against entropy and
for most purposes we can ignore the entropy values.

Saturation Line
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The saturation line lies between wet steam and super-—
heated steam regions as shown. Anything below the line 1is
wet steam and anything above the line is superheated steam.

Constant Moisture Lines

These lines run somewhat parallel to the saturation
line in the wet steam region. The moisture content increas-—
es as the constant moisture lines become further away from
the saturation line,
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Constant Superheat Lines

These lines follow a similar shape to the saturation
line but are in the superheat region. The first line repre-
sents a condition which is 50°C above the saturation temper-—
ature at that pressure.
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These lines run from the bottom left of the diagram to-

Fig. 42.4

wards the top right hand corner.
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Lines of Constant Temperature

In the wet steam region the lines of constant tempera-
ture and constant pressure are parallel. This 1is because
all the time the water is at saturation conditions, ie, sat-
urated liquid through to saturated vapour, the temperature
remains constant. Above
perature line moves Over to the right as shown below.

the saturation line the constant tem-—

Entropy, kJ/kg °C

Fig. 4.2.6

Before we look at how we can use this array of lines,
do the following exercise and compare with the diagram at
the back of the module.

B.4.2.6

Using the Mollier diagram, given at the beginning of

the module,

a)

as a guide,

sketch the following: '

Draw and label the axes required for the Mollier
diagram.
the saturation line,

Draw
Draw
Draw
Draw
Draw

a

a
a
a

single
single
single
single

constant moisture line.
constant superheat line.
constant pressure line.
constant temperature line,
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We must examine a few processes to see how they are dis-
played on the Mollier diagram.

Suppose we consider a typical steam turbine in a nuc-
lear station and plot the various points. You remember when
we looked at "entropy" we said that in the real world the
entropy always increases, If you watch the progress on the
Mollier diagram you will see this is true.

Expansion of Steam in the hp Turbine

If we look at the initial steam condition entering the
high pressure turbine where the steam is saturated and at
250°C we have the starting point for the process.

The steam is saturated so the point must lie on the
saturation line. If you examine the lines of constant tem-
perature you will find that the intervals are every 20°C,
Consequently 250°C will lie between the lines representing
240°C and 260°C.
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The initial operating point is where the 250°C tempera-
ture line intersects the saturation line. If you look at the
pressure line that passes through 'A' you will see that the
saturation pressure is 40 bar. On the enthalpy axis, the
enthalpy of the steam is represented by Hp.

The steam 1s expanded to a lower pressure in the high
pressure turbine, down to a pressure of 10 bar. The moisture
of the steam leaving the high pressure turbine is 10%. This
makes the plotting of the second point very easy. If we fol-
low the constant pressure line for 10 bar up until it inter-
sects with the 10% constant moisture line, this is the oper=~
ating condition at the turbine exhaust.

The temperature at 'B' is the saturation temperature for
a pressure of 10 bar which from the diagram is 180°C. You
will notice that point B is further to the right of the dia-
gram than point B' because entropy has increased due to surf-
ace and fluid friction. In the ideal case the entropy would
remain constant and instead of expanding to point B the steam
would have expanded to point B',

The maximum amount of work available from the turbine
would be the enthalpy difference between points A and B', ie,
Hp -~ Hp'. In practice the work available was less than
the 1ideal and only egual to the enthalpy difference Hp -
Hg.
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could calculate the enthalpy drop either by using tabkles,

we have already seen, or by using the scales on the Molliex
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From the information that we used, you can see that we

diagram.

Moisture Separation

stant pressure.

ars

This part of the process can be a stumbling block if we
are not careful.
some real and some apparent,

There are several things happening at once,

Ignoring the pressure drop through the moisture separat-
or, we can show moisture separation as taking place at con-

a look at the separation process on the Mollier diagram,

Before we get into detailed discussion, take
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The pressure remains constant and the process proceeds

where the steam is saturated.

from condition B where the steam 1s 10% wet to condition C

Looking across at the enthalpy scale you will see that
So we must obvi-
In fact we removed

ously have added some heat -

some heat.

the enthalpy has risen from Hp to He.

Not truel!l

- 13 -
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B.4,2.7

If this is so, how is it that the enthalpy of the pro-
cess steam appears to have increased? Check your answer at
the end of the module.

Reheat

Again for purposes of illustration assume that there 1is
no pressure drop through the reheater. Heating 1s taking
place at constant pressure, so the process will continue to
follow the constant pressure line.
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Before we leave point 'C' we did not mention that the
temperature did not change throughout the moisture sepava-
tion process and is of course the gsaturation temperature cOr-
responding to pressure of 10 bar and tg = 180°C.

The addition of heat from the reheater is g¢going to
vraise the temperature above the saturation temperature and
produce superheated steam. For ease of illustration assume
that the reheater adds 50°C of superheat. The oparating
point 'D' occurs where the constant pressure line 1ntersects
the constant superheat line of 50°C. The temperatare of the
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steam is now 180 + 50 = 230°C. The change in enthalpy of
the steam is Hp - He which is equal to the heat lost by
the reheater.

B.4,2.8

How does reheating increase the enthalpy of the process
steam?

 * * Kk %

Expansion in the Low Pressure Turbine

The expansion of the steam in the low pressure turbine
is the same in principle to the expansion in the high pras-
sure turbine, the only difference being that the steam is
initially superheated.

The steam will expand to condenser pressure, say
5 kPa{a} and the condition will be 10% moisture. I1f we plot
this point on the diagram, this represents the end of the
steam process before condensation occurs.
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If the expansion in the low pressure turbine had been
ideal, 1ie, had there been no friction, then entropy would
have been constant and the available work from the low pres-
sure turbine would have been equal to Hp - Hg'.

Using the Mollier diagram to 1illustrate the complete
process, we can see the trends in changes of enthalpy, mois-
ture, etc., and when used in c¢onjunction with &the steam
tables it provides a good graphical aid to help solve the

problem.
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Do these problems and check your answers at the end of
the module.

B.4.2.9

Sketch your own Mollier diagram to illustrate the fol-
lowing series of processes: A high pressure turbine uses

- 17 -
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saturated steam at 240°C and exhaust the 10% wet steam to a
moisture separator at 160°C. The separator produces 2% wet
steam and is followed by a reheater which produces 40°C of
superheat. The superheated steam expands in a low pressure
turbine to 10% moisture at 35°C,

B.4.2.10

Explain how your sketch would change if you had to show
the condensation process in the condenser associated with
gquestion B.4,2.9.

B.4.2.11

The mass flowrate of steam into the high pressure tur-
bine, in question B.4.2.9 is 900 kg/s. Determine the mass
flow into the reheater.

Throttling

We have already locked at this process using enthalpy
values ftrom the steam tables,. The process may be clearly
shown on the Mollier diagram.,

Remember that throttling is a constant enthalpy pro-
cess, so on the Mollier diagram this is represented by a
horizontal line.

An example will illustrate the process. Steam at 40 bar
with 3% moisture is throttled to 2 bar., Determine the final
temperature of the steam and the degree of superheat.

Before we look at the diagram, we know that by throttl-
ing wet steam to a low enough pressure we can produce not
only saturated steam, but superheated steam.

~— 18 =
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As the steam is throttled from point A, to the lower
pressure at point B, the quality changes from wet steam tc
superheated steam at a temperature of 140°C which, from the
diagram, is roughly 20°C above the saturation temperature anc
therefore there are 20°C of superheat.

This looks like a convenient way of producing superheat-
ed steam and perhaps we should use this technique to produce
superheated steam entering the high pressure turbine.- It can
be done thermodynamically without any difficulty.

Suppose we take the saturated steam at 250°C, which 1is
the normal condition of steam entering the high pressure tur-
bine, and produce superheated steam by throttling it to 1 bar
prior to entry to the turbine. All the time the heat content
remains constant.

- 19 -
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This process produces steam which is well superheated
with a temperature around 65°C above the saturation tempera-
ture so no problems of excessive moisture.

B.4.2.12

Why don't we take advantage of this process? There is
no loss of enthalpy and we have steam which is well super-
heated - how can we go wrong! Analyse this situation and in
a few lines write down why you think we do nct use this as a
solution to the moisture problems in our turbines. Check

~your answer at the end of the module.

Throttling increases the entropy of the process and we
cannot get as much work out of the steam, This factor be-
comes of major consideration when we consider the control of
governor steam valves. Suppose we have a turbine with four
governor steam valves. If they all open at the same time,
then all four valves will be throttling the steam until the
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valves are all fully opened when no throttling occurs. This
method of control is called "throttle governing"” and it pro-
duces a loss of efficiency if operating at any locad other
than full load. 1If the governor steam valves open one after
the other, in principle, there 1is no more than one valve
throttling the steam. This methed of control is called "noz-
zle governing".

B.4.2.13

Using a Mellier diagram, explain why nozzle governing is
used for control purposes in peak loading units and why
throttle governing is used for control purposes in base load-
ing units. Check your answer at the end of the module.

x * k * %

We have looked briefly at entropy and performed simple
calculations. We have locked at the throttling process, both
with steam tables and with the Mollier diagram. We have
examined the use of the Mollier diagram as an aid to describ-
ing the turbine process which is difficult to achieve using
the temperature/enthalpy diagram,

If you are confident that you can meet the objectives
and are ready to take the criterion test, ask the Course/
Shift Manager for the test.

After you have written the test, ask for the self evalu-
ation sheet and compare your answers with those on the evalu-
ation sheet.

Finally, discuss your criterion test with the Course/
Shift Manager and if you are both satisfied with the results,
have the Manager sign the progress summary sheet, If you
identify areas that need reinforcing, return to the course
material and retake the test when you feel that you are com-
petent. '

When you have successfully completed this module you may
proceed to Module B.4.1l.
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Answers

MODULE B.4.2

ENTROPY, THROTTLING & MOLLIER DIAGRAM

B.4.2.1

The whole process takes place at constant entropy, Iie,
the initial entropy is equal to the final entropy.

The initial condition is saturated steam at 160°C. From
Table 1, S5g at 160°C = 6.7475 kJ/kge°cC.

The final condition is wet steam at 1 bar, the dryness
fraction is unknown.

At 1 bar Sg¢
and Sfqg

1.3027 kJ/kg°C
6.0571 kJ/kg°C.

It

S1 bar = Sf = 45¢g

1.3027 + g x 6.0571 kJ/kg®C.

Equating the initial and final conditions,

Sq160 = S1 bar-
Substituting 6.7475 = 1,3027 + q x 6.0571 kJ/kg°C

5.4448 = g x 6.0571
hence q = g;%%%% = 89,9%,

B.4.2.2

Again we know that the entropy remains constant through-
out the process and that the initial and final entropies arec
equal. '

The initial condition is 4% wet steam at 15 bar and
using Table 2 we can determine the entropy using

Sfg at 15 bar 2.3145 kJ/kg®C.

ng at 15 bar 4.,1261 kJ/kgeC.
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L]
I

2.3145 + 0.96 x 4.1261 kJ/kg°C

2.3145 + 3.9611

It

6.2756 kJ/kg°C.

The final condition will be wetter steam than 4% at
qG0°C,

S¢ at 60°C 0.8310 kJ/kg°C.

Sgq at 60°C = 7.0798 kJ/kg°C.

Equating initial and final conditions we get:

6.2756 = 0.8310 + q x 7.0798 kJ/kg°C
5.4446 = q x 7.0798
. g = 76.9%.

Again we know that the entropy 1is constant throughout
and we can determine the value of entropy at the final
condition using 8 = Sf + gSgqg.

Using Table 1, at 36°C S¢

0.5184 kJ/kg°C

and Sgg = 7.8164 kJ/kg°C.

1}

Thus S ¢.5184 + 0.87 x 7.8164

0.5184 + 6.8003 kJ/kg®°C

7.3187 kJ/kgeC.

We know that the entropy is constant so this value of
7.3187 kJ/kg°C is also the initial value,

If we look at S,, because we are told that the initial
steam condition is s;%urated, in Table 1, we will be able to
find the value of tg which most nearly has a corresponding
value of Sgq = 7.3187 kJ/kg°C.

The nearest value is Sg = 7.3196 kJ/kg°C at tg = 103°C.
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B.4.2.4

The final condition o©of the superheated steam allows us
to pinpoint the enthalpy. Using Table 3, 125°C is halfway
between the gquoted values, so at a pressure of 1 bar and a
temperature of 125°C, h is

2776 + 2676
2

= 2726 kJ/kg.

This enthalpy remains constant.

Using Table 1 we can find the values of hg and hgg at
154°C which are 649.4 kJ/kg and 2100.6 kJ/kg respectively,

Using h = hg + thg we get
2726 = 649.4 + g 2100.6 kJ/kg
2076.6 = g x 2100.6
q = 2076.6
2100.6
= 98.9%.
B.4.2.,5

Again the final condition is the key to the golution,
Using Table 3, 75°C is in between the stated values. At a
pressure of 5 kPa(a) and a temperature of 75°C,

2594 + 2688

h = 5

= 2641 kJ/kg.

This enthalpy remains constant and allows 'g' to bhe
determined using h = hy + ghgy. Using Table 2, hy and hfg at
a pressure of 15 bar are 844.% kJ/kg and 1945.,2 kJ/kg respec-
tively.

Using h = hg + thg we get

2641 = 844.7 x g x 1945.2 kI/kg
1796.3 = g x 1945.2
1796.3
9 = 19352
= 92.3%.
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B,.4.2.7

The answer is fairly simple., The quantity of "steam" at
B is not the quantity of steam at (. Suppose we have 10 kg
of steam at point B that is 10% wet. This is reallv the same
as saying we have 9 ka of saturvated steam and 1 kg of satur-
ated water, Let's put some fiqures in to make this point.
Let hg = 2700 kJ/kg and he = 700 kKd/kg.
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Then the average enthalpy of this mixture is

(9 kg x 2700 kJ/kg) + {1 kg x 700 kJ/kq)
10 kg

24300 + 700
10

= 2500 kJ/Kg.

When we pass the wet steam through the moisture separat-
or we removed the 1 kg of saturated liquid, ie, the low grade
water and now the enthalpy of the working fluid which is
saturated steam, is 2700 kJ/kg, an increase of 200 kJ/kg.
BUT the overall quantity of steam has now been reduced by
10%. This is the pitfall when negotiating this part of the
process. You must make sure that ycu change the flowrate
after the meisture separation to account for the mass of
liguid removed. If the steam leaving the moisture separator
is saturated and the steam was x% wet, then the reduction in
steam flow as a result of moisture separation is also x%.

B.4.2.8

Reheating increases the enthalpy of the process steam by
means ©of a transfer of heat from main steam that 1is taken
from the balance header. This main steam loses heat (in the
reheater) to the process steam, increasing the temperature
and thus the enthalpy of the process steam, Typically steam
at balance header 1s 250°C and heats the process steam flow-
ing through the reheater, from 175°C to 235°C.
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Fig. 4.2.16

Process A - B

Initial condition is saturated steam at 240°C. Expan-

sion in the high pressure turbine,

allowina for frictional

effects, takes the process to the right of point B' at a

maoisture level of 10%.

- 27 -
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Progcess B - £

The moisture separator, assuming no pressure drop,
removes moisture from 10% to 2%, The temperature remains
constant at the saturation temperature of 160°C.

Process C - D

Again assuming no pressure Jloss in the reheater, the
enthalpy of the steam 1is increased at c¢onstant pressure,
initially up to the saturated steam condition, after which
further addition of heat raises the temperature from 160°C to
200°C.

Process D - E

The superheated steam expands 1in the 1low pressure tur-
bine and allowing for friction takes the process to the right
of point E' where the final temperature is 35°C and the mois-
ture level is 10%.

B.4.2.10

I1f the «condensation procesgs was illustrated on the
Mollier diagram this would take place at c<constant pressure
and temperature while the latent heat was being removed. The
process would move down the constant pressure/temperature
line to some point off the diagram when the moisture would be
100%, ie, at the saturated liquid line.
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B.4.2.11

The change in mass flow occurs in the molsture separator
where the dryness fraction is increased from 2%0% to 98% by
removing the moisture droplets. Consequently 8% of the work-
ing fluid has been removed and the flow into the reheater

n

0.92 x 900

1

828 kg/s.

- 29 -
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The enthalpy at points A and B is the same. The amount
of work that 1s available depends upon the change of enthal-

pPY. In practice we expand the steam in the turbine to a
temperature which is dictated by the ceoling water supply.
Assume that the turbine exhaust is at 35°C. The enthalpy

drop from the initial condition Lo the constant temperature
line will indicate the work availlable.
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If we consider the process from point A, the enthalpy
drop is Hp — Hp'. Similarly, if we consider the enthalpy
drop at point B, the wvalue is Hg - Hp'. You can see that
although the enthalpy 1is the same, the work available is
decreased as a result of the throttling process increasing
the unavailable part of the enthalpy. If the enthalpy Hg -
Hg' was only 50% of Hp -~ Hp', then the steam flowrate
would have toc be doubled to achieve the same power output
using the throttling technique. In practice the low pressure
turbines are large enough without increasing the size to
accommodate a larger steam flow, which incidentally would
result in a less efficient cycle.
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Peak loading units should have the capability of operat-
ing at varying power levels., Suppose we have a unit operat-
ing at 25% power and the unit has four governor steam
valves. If the unit is throttle governing, all four governor
steam valves will be 25% open and consequently each will be
throttling steam. This process is shown from points ¢ to A.
The enthalpy available for work is hp = hg. If the unit
is nozzle governing, three governor steam valves will he shut
and one will be completely open., There will be no throttl-
ing. The enthalpy available for work is hgy - hp. Thus
for the same steam flow, there is much more work available
using nozzle governing steam control (this is true for all
power levels up to 100%). Thus a peak loading unit that 1is
capable o¢f operating at different 1loads will be nozzle
governed,

- 32 .
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Base loading units yun ideally at 100% power for long
periods. At 100% power levels neither throttle governed nor
nezzle governed units will throttle steam. Thus each will
behave the same -~ the choice of which type of control 1is
determined by economics. Throttle governing control is less
costly, so it is used for base loading units.

J. Irwin-Childs
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Heat & Thermodynhamics

MODULE B.4.1

TURBINE WITH REHEAT

Course Objectives

1.

Given a set of conditions, a calculator and steam
tables, you will be able to calculate values of steam
flow, pressure temperature and moisture content at
major points through the turbine cycle.

You will be able to explain how the pressure and temp-
erature vary through a turbine as the load increases
from 0% to 100%, assuming constant wvacuum.

Enabling Objectives

1.

Given a set of conditions applicable to a steam tur-
bine, with reheat, you will be able to sketch a Mollier
diagram and illustrate the overall turbine process.

November 1981 -1 -
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Module B.4.1 - Turbine with Reheat

This section is an extension of the principles that we
examined in Module B.4.2, We will continue to use the Mol-
lier diagram to illustrate the process and then use the
steam tables to calculate the required values.

Before we plot the overall process steps on a Mollier

diagram, it is of benefit to consider what changes are tak-
ing place in the turbine process at any point.

High Pressure Turbine

Steam Flow

If there is no extraction steam, the flow in and out of
the turbine remains unchanged.

Enthalpy

The steam flows through the turbine at high speed and
conseguently there is an insignificant change in enthalpy of
the steam due to heat loss through the casing. However, the
turbine is a device whereby we can exchange heat energy for
mechanical work, It follows that the enthalpy of the steam
leaving the high pressure turbine will have a lower value
than at the inlet. This lower enthalpy may be measured in
terms of a lower temperature and pressure. Additionally,
the quality of the steam will have deteriorated as some of
the saturated steam condenses in the expansion process, pro-
ducing wet steam.

Main Moisture Separator

This device removes the majority of the moisture that
appears in the steam at the exhaust of the high pressure
turbine. The temperature of the steam is not altered as the
mcisture is mechanically removed. In practice there is a
slight pressure drop across the main moisture separator
which will reduce the temperature by one or two degrees.

The steam flow out of the moisture separator is not the
same as that entering the moisture separator. The reduction
in mass flow 1is equal to the change 1in molsture content
within the main moisture separator, eg, a moisture separator
reduces the moisture level in steam at 1.8 MPa(a) from 12%
to 4%. Determine the change in mass flow.
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The quality is improved by removing the moisture, 12%
of the fluid was initially moisture and this was reduced to
a final figure of 4%. Thus, 12% - 4% = 8% of the mass flow
must have been removed to achieve this new quality.

The enthalpy of the steam increases, not because heat
energy was added but because the degrading moisture was re-
moved and the average enthalpy increased while the overall
steam flow decreased.

Reheater

The reheater raises the enthalpy of the steam leaving
the main moisture separator prior to its admission to the
low pressure turbine.

The pressure of steam leaving the reheater does not in-
crease although the enthalpy and temperature have increased
due to the addition of heat energy.

There is no change in the steam flow in and out of the

reheater, there is no significant moisture to remove nor is
there any steam extracted from the reheater.

Low Pressure Turbine

There 1is always steam extracted for feedheating from
the low pressure turbine sgo the exhaust flowrate into the
condenser will be less than the flowrate into the turbine.

As in the high pressure turbine, the loss of enthalpy
through the casing is insignificant and the major enthalpy
drop is due to the conversion of heat energy into mechanical
work. This may be seen by a lowering of pressure and tem-
perature.

As the heat energy 1is converted into mechanical work,
the quality of the steam deteriorates as the moisture level
increases.

Before we proceed to examine any further, try the fol-
lowing exercises and check your responses at the back of the
course.

B.4.1.1

The steam flow entering a moisture separator |is
700 kg/s. The steam has an initial moisture content of 9.4%
and has a final dryness fraction of 99.6%. Calculate the
flowrate of steam from the moisture separator.
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B.4.1.2

Show whether the following parameters increase,

de-

crease or remain the same for the following sections of tur-

bine

unit with feedheating:

High Pressure Turbine
Moisture Separator
Reheater

Low Pressure Turbine

Steam
Item [Enthalpy|Temperature| Pressure Flowrate Quality

NOTE 3

Ignore any pressure drop through the moisture
separator and reheater.

k k k * *

Let's examine a question which reflects the main points
of our discussion.

300 kg/s of steam exits the HP stage of a turbine
at 1.5 MPa{a) with a moisture content of 10%.
This steam passes through a moisture separator
which removes its total moisture content and then
passes through a reheater. There is no signifi-
cant pressure drop 1in the moisture separator and
reheater.

The secondary side of the reheater operates at
4,5 MPa(a) and is fed with 65 kg/s of saturatced
steam from the boiler, The condensed steam which
results, leaves the reheater at saturation tenmnper-—
ature.
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a) i) Draw a schematic diagram of the process
described above showing the following
parameters at each step of the process:

-~ flow
- pressure
- meoisture content,

ii) Determine the steam temperature at the
exit of the reheater, showing clearly
how you proceed.

D) The steam enters the LP stages of the turbine
where it expands isentropically (ie, with
constant entropy}, the exhaust pressure being
10 kPa{a). Calculate the meisture content of
the steam at the LP exhaust, showing clearly
how you proceed.

The information precsented may initially seen overwhelm-
ing but with a systematic approach, we should be able to
satisfy all the regquirements of the questien.

It is very useful to have a pictorial representation of
the process. Question a} 1) asks for a schematic diagram
for the process and it would appear preferable to sketc¢h the
process itself; at least this way, there is some reinforce-
ment of the process sequence which is occurring.

Using the Mollier diagram we can illustrate the total
process sequence,

Moisture Separator

The moisture is removed at constant pressure. Oon the
Mollier diagram this will be represented by moving up the
l.5 MPa(a) constant pressure line from 10% moisture to the
saturation line, ie, 0% moisture.
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Fig. 4.1.1

Point A is the exhaust from the high pressure turbine
and the inlet to the moisture separator.
At Point A 1, Flowrate is 900 kg/s.
2. Pressure is L.5 MPa(a}l,
3. Moisture content 10%.
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Point B 1is the exhaust from the moisture separator and
the inlet to the reheater.

At Point B 1. Flow rate is reduced by 10% due to the
removal of the moisture. Thus
flowrate = 0.9 x 900 = 810 kg/s.
2. Ignoring the pressure drop in the moisture
separator, there is no change in pressure.
3. The moisture content is 0%, ie, the steam is
now saturated at 1.5 MPa(a).

Reheater

The reheater adds heat at constant pressure SO we can
continue up the 1.5 MPa(a) constant pressure line to some

new point as determined by the heating steam supply to the
reheater.
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the inlet to the 1lp turbine.

At point

C

-

flaowrate 18 the

Pressure is 1.5 MPa(a).
steam is superheated.

same as at B

Point C is the exhaust from the reheater and 1s also

gl0 kg/s.
Moisture content is 0% becaise the
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If we want to tidy this up and present a complete
picture, we can sketch the diagram and complete a table as
shown below.
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Point Flow Pressure Meoisture
A 900 kg/s 1.5 MPa(a) 10%
B 810 kg/s 1.5 MPpa(a) 0%
C 810 kg/s 1.5 MPa(a) 0%

Section a) ii) of the gquestion asks us to determine the
temperature of the steam leaving the reheater. There is no
gquick method of determining the temperature of the super-
heated steam. We have to calculate the amount of heat added
to the process steam and then use steam tables to establish
the temperature,. The steam temperature changes with the
addition of heat because it is superheated.

The basic approach to the reheater heat exchange is
that the heat lost by the heating steam equals the heat
gained by the process steam,

Heat Lost by the Heating Steam

The steam feeding the reheater is saturated steam and
the condensate 1is not subcooled. The heat which has been
removed from the heating steam is therefore the latent heat
of vapourization at 4.5 MPa(a). We can see this clearly on
the Temperature/Enthalpy diagram.

Temperature,

o
C Saturated
Ligquid o

" Saturated
Steam
|

|
|

Enthalpy, J’kg
Fig. 4.1.4

- 10 -
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The heat leost by the steam is the product of the mass-
flow and the change in enthalpy. The decrease in enthalpy
at 4.5 MPa(a) was from saturated steam hq to saturated
liquid h¢ which is hfg, the latent heat.

Mass Flowrate 65 kg/s

1l

hfg @ 4.5 MPa{a) 1675.6 kJ/kg.

Thus heat lost

fl

65 x 1675.6 108,914

It

ka/s x kJ/kg kKJ/s.

This heat is gained by the process steam.

Using heat lost = heat gained, we can determine how
much heat has been picked up by each kilogram of process
steam.

Heat gained = process mass flowrate X increase in
enthalpy. Heat gained = 108,914 kJ/s. Process mass flow-
rate through reheater = 810 kg/s. Increase in enthalpy is
unknown.

Substituting

108,914 = 810 x increase in enthalpy.

108,914

Increase in enthalpy = 810

134.5 kJ/kg.

The increased enthalpy is the enthalpy of the saturated
gteam at 1.5 MPa(a}. hg + 134.5 kJ/kg.

2789.9 kJ/kg.

From tables hg

New enthalpy 2789.9 + 134.5 kJ/kg

I

2924.4 kJ/Kq.

We must use the superheated steam tables at 1.5 MPa(a)
to determine the temperature of the steam possessing the
enthalpy of 2924.4 kJ/kg.

At 1.5 MPa{a) which 1is 15 bar, the enthalpy of the
superheated steam is 2924 kJ/kg when the steam temperature
is 250°C.

S0 the temperature of the steam leaving the reheater is
250°C. _
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Part b) of this question is designed to see if you can
calculate the quality of the steam using the entropy values
ags we did in Module B.4.2.

Again a diagram is an asset and the process may be
illustrated on a Mollier diagram, starting from the exit
from the reheater which is the inlet to the low pressure
turbine,

You should realize that if you made a mistake in cal-
culating the temperature of the superheated steam in the
previous section, then your answer to this section will also
be incorrect even though you use the correct procedure.

The steam in the low pressure turbine expands isentro-
pically, that is, at constant entropy. This 1is represented
by a vertical line on the Mollier diagram. The line runs
from the temperature of 250°C on the constant pressure line
of 1.5 MPa(a) down until it strikes the constant pressure
line of 10 kPa{a) as shown on the diagram.
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We are asked to calculate the value of the moisture at
point D and we will do this using the value of entropy which
for this process is constant.

Using the superheated steam tables, we can look up the
value of entropy at 1.5 MPa{a) and 250°C.

The wvalue of entropy is 6.710 kJ/kg°C.

We know that this value remains constant throughout the
expansion process down to 10 kPa(a).

We know that we have wet steam at 10 kPa(a) because the
guestion tells us so. The entropy of the wet steam is found
in exactly the same way as we find enthalpy.

Take the entropy of the liquid at 10 kPa{a}).
Sf = 0.6493 kJ/kg°C. (lOkPa(a) = 0.10 bar).

Now take the entropy from liguid to wvapour at
10 kPa(a). ng = 7.5018 kJI/kg®C.

The actual entropy value of the wet steam depends upon
the quality 'g' and is found using § = S¢ + ASfq-

We know 8§ because that stays constant and the initial
condition allowed us to determine that value., We have look-
ed up 5S¢ and Sfggq ~ the only unknown is the dryness fraction
or quality 'g'.

Substituting the values into S = 8f + Sfgq, we get
6.710 = 0.6493 + g x 7.5018 kJ/kg°C,
thus 6,0607 = g x 7.5018
_ 6.0607
thus 1= 775018
= 80.8%,

This represents the vapour in the mixture, the moisture
content is 1 -~ 0.808 = 0.192, or 19.2% moisture,

This may appear to have been a lengthy process but you
should realize that we have looked at a lot of detail, some
of which you will have used on previous occasions.

The following examples are designed to reinforce the
procedure we have just been through. Compare your answers
to those at the end of the course.



125 - B.4.l

B.4'l.3

Steam flows at 500 kg/s into a moisture separator. The
steam has a dryness fraction of 88% and is at 1.0 MPa(a).

The moisture separator removes all of the moisture.
The steam then enters a reheater where the heating steam is
supplied at a pressure of 3.5 MPa(a) and a flowrate of
30.3 kg/s. The heating steam is saturated and the conden-
sate 1s not subcooled. {Ignore any pressure drop through
the moisture separator or reheater.)

a) Sketch a diagram of the process and list the
values of flow, pressure and moisture content at
each step.

b) Calculate the temperature of the steam leaving the
reheater ~ show clearly how you proceed in the
answer.

B.4.1.4

800 kg/s of steam enter a moisture separator at a pres-
sure of 1 MPa. The moisture content is 13% at the inlet to
the separator. Saturated steam leaves the moisture separa-
tor. The steam passes to a reheater using heating steam
which is saturated at 3 MPa and which becomes subcooled by
6.8°C. The flowrate of heating steam is 41.5 kg/s.

Sketch the process on a Mollier diagram and determine
the process steam temperature from the reheater. {Ignore any
pressure drop in the moisture separator or reheater.)

B.4.1.5

Steam at 2 MPa(a) enters a low pressure turbine at
250°C. The steam expands isentropically and is exhausted to
the condenser at 6 KPa(a).

Sketch the process on a Mollier diagram and calculate
the moisture content of the steam leaving the low pressure
turbine. _

* * * * %
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Turbine Pressure and Temperature Gradients

Under operating conditions the steam generator supplies
steam to the turbine at a nominal pressure of 4 MPa(a). The
steam is saturated and exists at the saturation temperature
of 250°C.

The turbine exhausts wet steam to the condenser operat-
ing at a nominal pressure of 5.6 kPa(a). Again this is a
saturation condition and the temperature of the exhaust
steam from the turbine will be tg at 5.6 kPa(a), ie 35°C,

No matter what happens in the turbine, the steam supply
will be at 4 MPa(a), 250°C and the exhaust steam will be at
5.6 kPa(a), 35°C.

Consider the startup condition where the ESV's are
shut, the turbine ig on turning gear and the condenser is at
its normal operating pressure of 5.6 kPa(a)

* * * * %

B.4.1.6

What do you know about the pressures in the low pres-
sure turbines, reheater, moisture separators and high pres-
sure turbine in this start up condition. Check your answer
at the end of the course,

* Kk k 0k ®
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This condition 1is illustrated on the diagram by line
A, You can see at this point that the pressure upstream of
the ESV/GSV is 4.3 MPa(a) whilst downstream the pressure is
5.6 kPa(a).

k% * * K

B.4.1.7

Steam at 4 MPa(a) passes through open ESV's and leaks
past tripped GSV's into the high pressure turbine. The con-
denser pressure is 10 kPa(a). What is the temperature of
the steam in the high pressure turbine.

Check your answer at the end of the module,

¥ &% % Kk *

Suppose we have now run the turbine up to speed, syn-
chronized and applied 25% lcad to the generator. In this
situation the GSV's are open a small amount to admit slight-
ly more than 25% full load steam flow. (At lower power less
work is available per kg of steam due to throttling.)}

This condition may be seen illustrated by time B on the
diagram.

The pressure drop across the GSV is roughly 2.8 MPa so
that the inlet pressure to the turbine itself is around 1.2
MPa(a). The saturation temperature corresponding to 1.2
MPa({a) is 188°C which is the temperature at which the steam
is entering the high pressure turbine.

If the turbine 1is "“cold" this does not present a pro-
blem but if the turbine is "hot" the admission of this low
temperature steam will drastically cool the turbine and
create high thermal stresses. This is the reason why block
loading 1s employed for hot startup, to increase the steam
temperature in the high pressure turbine casing to a value
where no cooling occurs.

The change of inlet steam temperature of the turbine
with increased GSV opening may be clearly seen from the
temperature curves where the inlet temperature rises from
188°C at 25% load to 250°C at 100% load.

From the same series of temperature lines you can see
alsc that the hp turbine exhaust temperature 1is increasing
as the load increases. The exhaust temperature rises from
133°C at 25% load to 175°C at 100% load.
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It is interesting to note that as the power oh the tur-~
bine increases the temperature of the process steam, leaving
the reheater, falls from 250°C to 239°C.

% * % %

B.4.l.8

Why do you think the temperature of the process steam
leaving the reheater, is highest at the lowest power levels?

Check your answer at the end of the mecdule,

* % * kK %

Well that's about it for this section. If you are con-
fident about these questions, get the test from the Course/
Shift Manager and write it. When you have written the test,
ask for the self-evaluation sheet and compare with your
test.,

Take both the test and the self evaluation sheet to the
Course/Shift Manager and when you are both satisfied with
the result, have the Manager sign the progress summary
sheet. If you identify some areas of weakness, return and
practice some more and then try the test again,

When you are ready to progress, proceed to Module B.3.2
or B.Z.
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Answers

MODULE B.4.1

TURBINE WITH REHEAT

The initial moisture content was 9.4% and the final
moisture content was 0.4% (100 - 99.6 = 0.4% you shouldn't
have been caught herel).

The change in % moisture is 9.4 - 0.4 = 9%. So the new
flowrate out of the moisture separator has been reduced by
9% of its original value, ie, to 91%. The original flowrate
was 700 kg/s. Thus the flowrate out of the moisture separa-
tor is 700 x 0.91 = 637 kg/s.

B.4.1.2

a) High Pressure Turbine
The enthalpy will decrease as some of the heat
energy is converted into work.
The temperature and pressure will decrease as the
enthalpy is reduced. The flowrate will bhe reduced
only if steam is extracted for feedheating. In
this case, we will ignore steam extracted from hp
turbine. The steam guality decreases as more work
is produced from the steam.

b) Moisture Separator

The enthalpy of the steam will increase as the low
enthalpy liquid is removed.

Ignoring the pressure drop, the pressure will re-
main c¢onstant,.

The temperature ©f the steam will remain constant
while the moisture is being removed.

The flowrate of steam from the moisture separator
will be less than that at the inlet due to the
removal of moisture, If steam is extracted from
the molsture separator for feedheating, then this
would also be taken into account when determining
the new flowrate value.

The steam quality increases as the moisture is
removed and the steam moves closer to the satura-
tion condition.
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c) Reheater

The enthalpy of the steam increases significantly
in the reheater and the final steam has approxi-
mately 60°C of superheat.
Ignoring the pressure drop in the reheater the
pressure remains constant.

The temperature of the steam increases to a value
approximately 60°C above tgat at the pressure in
the reheater,

The mass flowrate through the reheater will remain
constant since there is no extraction of steam,

The steam quality is raised from around 0.5% mois-
ture to approximately 60°C of superheat.

d) Low Pressure Turbine

The enthalpy decreases as work 1is extracted from

the steam.

The temperature and pressure. fall with the de-
creasing enthalpy.

The flowrate decreases due to the steam extracted
for feedheating.

The steam quality decreases due to the condensa-
tion produced by the reduction in enthalpy.

Steam

Item

Enthalpy

Temp.

Pressure

Flowrate

Quality

HP Turbine
Separator
Reheater

LP Turbine

Decrease
Increase
Increase
Decrease

Decrease
Same

Increase
Decrease

Decrease
Same
Same
Decrease

Same
Decrease
Same
Decrease

Decrease
Increase
Increase
Decrease

B.4.1,3

In this question we do not have any turbine expansion
after the reheat. Before deing any calculations, it is
worth sketching the process so that there is a visual refer-
ence available as you work through the problem.
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The process steam pressure is 1 MPa(a) and moisture
separation to provide saturated steam, together with the
reheating, both take place at constant pressure. On the
Mollier diagram the process follows the constant pressure
line wupwards from the constant moisture line at 12%
moisture,
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Looking at the process points A, B and C, we can list
the known values of pressure, flowrate and moisture content
and calculate the unknowns.

Point Moisture Flowrate Pressure
A 12% 500 kg/s 1 MPa
B 0% 440 kg/s 1 MPpa
C 0% 440 kg/s 1 MPa

Point A All values are given.

Point B Steam is "“saturated" so moisture is 0%. 12% of
moisture has been removed at point B so flowrate
deceases by 12%.

Point C Same values as point B.

The next part of the question asks for the temperature
of the steam leaving the reheater. This part of the exer-
cise 1is done by edquating the heat gained by the process
steam to the heat lost by the heating steam.

Heating Steam

This is initially saturated at a pressure of 3.5 MPa
and the condensate remains at the saturation temperature be-
cause there is no subcooling. If we sketch the temperature
enthalpy diagram, we can see that the heat lost 1is the
latent heat at the pressure of 3.5 MPa{a}.
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Temperature,

°c

PR R, % %

Enthalpy, J/kg
Fig. 4.1. 7

Point A represents the saturated liquid and point B
represents the saturated steam.

hfy at 3.5 MPa(a) = 1752.2 kJ/kq.
The heating steam flowrate is 31 kg/s.

S0 the total heat lost is the product of the enthalpy
change, 1752.2 kJ/kg and the mass flowrate, 30.3 kg/s.

Heat lost by heating steam 1752.2 x 30.3

]

53091,7 kJ/s.

This heat is given to the process steam every second.
In every second there are 440 kg of process steam flowing
through the reheater,

8o each kg of process steam picks up 1/440 of the total

heat lost by the heating steam = EE%%%;E = 120.7 kJ/kg-

The enthalpy of the saturated steam has been increased
by 120.7 kJ/kg and we must look at the superheated steam
tables to f£ind the temperature of the steam that corresponds
to this new value of enthalpy.
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hg at 1 MPa(a) = 2776.2 kJ/kg,

2776.2 + 120.7

Enthalpy of superheated steam

2896.9 kJ/kg.

Using the superheated steam tables at 1 MPa we can see
that at 200°C the enthalpy is 2827 kJ/kg and at 250°C the
enthalpy 1is 2943 kJ/kg. S0 the temperature of the steam

from the reheater is % (50°C) + 200°C = 230°C.

B.4.1.4

This is & basic arrangement of the moisture separator
and reheater operating at constant pressure.

The meisture separation process will appear as a line
from the 13% moisture point, on the 1 MPa(a) constant pres-
sure line, up to the saturation line,

The reheat process will appear as a continuation along
.this constant pressure line up into the superheat region.
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A - B is the molsture separation process.

B - C is the reheat process.
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Moisture Separation

The only changes will be the reduction in mass flowrate
as the steam quality improves to saturation conditions.

Steam flow reduces to 800 x 0.87 = 696 kg/s.

Reheat

In the reheater the heat gained by the process is lost
by the heating steam,

The heating steam is saturated at 3 MPa(a) and the con-
densate becomes subcooled by 6.8°C., So we can determine the
heat lost per kg of heating steam.

hg at 3 MPa = 2802.3 kJ/kg, tgat = 233.8°C.
The temperature of the condensate is

tsat - 6.8 - 233-8 - 608 = 2270(:.
hgop7 = 976.2 kI/kg.

So the heat lost per kg of heating steam is
2802.3 - 976.2 = 1826.1 kJ/kg.

The total heat lost per second is the product of the
mass of heating steam per second and the enthalpy change per
kg,

41.5 x 1826.1

75783 kJ.

Each kg of the process steam receives 1/696 of the heat
lost by the heating steamn.

1 kg of process steam receives 72323 = 109 kJ/kg.

The enthalpy of saturated steam entering the reheater
at 1 MPa 1is 2776 kJ/kg.

The enthalpy o©of the superheated steam leaving the re-
heater at 1 MPa(a) is 2776 + 109 kJ/kg = 2885 kJ/Kkg.
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Using the superheat steam tables at 1 MPa(a), we can
find the temperature to which this enthalpy corresponds.,

2827 kJ/kg.
2943 kJ/kg.

Enthalpy at 200°C and 1 MPa(a}
Enthalpy at 250°C and 1 MPa{a)

i

Difference for 50°C is 116 kJ/kg.

The enthalpy at the reheater outlet is 2885 kJ/kg which
is 2885 - 2827 = 58 kJ/kg more than the enthalpy at 200°C,

Temperature increase above 200°C = T%g Xx 50 = 25°C.

Steam temperature = 225°C,

B,4,1.5

In this problem the steam into the turbine is super-
heated so the entropy values for the initial steam conditicn
will have to come from the superheated steam tables.

As in the previous dJgquestion, the value of entropy
remains constant during the expansion process. On the
Mollier diagram the process will appear as a vertical line
running down from the superheat region at 250°C and a pres—
sure of 2 MPa to intersect the constant pressure line of 6
kPa(a).
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Again we use the entropy value at the inlet condition
to determine the condition of the exhaust steam.

From superheated steam tables, the value of entropy at
2 MPa(a) and 250°C is 6.545 kJ/kg°C.

0.5209 kJ/kg®°C

At 6 kPa(a) Sg
7.8104 kJ/kg°C

ng

- 20 -
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The entropy of the superheated steam is equal to the
entropy of the wet steam after expansion.

Thus 6.545 = 0.5209 + g (7.8104)
6.0241 = g (7.8104)
. 6.0241
4= 78704
= 77.1%.

8o the moisture level is 23%.

Bl4.l.6

In this startup condition, prior to the admission of
steam into the turbine, the whole of the turbine unit is at
the same pressure, ie, the condenser pressure of 5.6
kPa(a). From the GSv through the hp turbine, moisture
separators, reheaters and low pressure turbines the pressure
is the same as that in the condenser.

B.4.1.7

Again in this condition the whole of the turbine unit
is at the condenser pressure of 10 kPa{a).

The GSV are not isclating wvalves, they are control
valves and are not designed to prevent total admission of
steam to the hp turbine. Immediately after the GSV the
pressure will have been throttled to 10 kPa(a}). The temper-—
ature of this steam will be the saturation tempetrature
corresponding to 10 kPa(a), ie, 46°C,

If the turbine wag recently shutdown with the turbine
"hot" this throttled steam entering the hp turbine can pro-
duce severe quenching of hp turbine roteor. This prailem can
be avoided by ensuring that the ESV's are always shut if
there is any pressure in the steam lines.
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B.4.1.8

If you look at the conditions ©of temperature and flow-
rate in the reheater you will observe the following:

a) Temperature of the heating steam remains constant over
the whole power range (assuming constant boiler
pressure). .

b) The temperature of the process steam entering the
reheater, from the hp turbine wvia the moisture separ-
ator, rises as the turbine power increases.

The temperature difference between the heating steam
and the process steam which is being heated, becomes smaller
as the turbine power increases, 1ie, from a AT of 121°C at
25% load to a AT of 79°C at 100% load.

With a smaller AT between the turbine steam and heating
steam 1t would seem reascnable to suppose that the turbine
steam temperature would more easily approach the heating
steam temperature of 254°C,

What has changed besides the temperatures in the
reheater as the load increases? The turbine steam mass
flowrate has increased by approximately four times from 25%
load to 100% locad. This results in the process steam mass
flowrate through the reheater increasing by a factor of
four. The increased flowrate reduces the time that the
steam is in the reheater by a factor of four. The process
steam is not in the reheater long enough to be heated to the
temperature of the heating steam,. As the process steam
flowrate increases, the difference between the heating steam
temperature and turbine steam temperature at the reheater
outlet, 1increases, due to the decreased time for heat
transfer.

At 25% the difference between the heating steam temper-
ature and the turbine steam temperature at the reheater
outlet is 4°C. At 100% the difference is 15°C.

* % * &k *

J. Irwin~Childs
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Heat & Thermodynamics

MODULE B.3.2

FEEDHEATER OPERATION

Course Objectives

1.

Given a set of conditions, steam tables and a calcula-
tor, you will be able to perform simple calculations of
heat transfer based on the principle that heat gained by
the feedwater is equal to heat lost by the extraction
steam.

You will be able to explain how the extraction steam is
more efficiently used in feedheating than in producing
further work in the steam turbine.

You will be able to support the rationale stated in
Objective 2 using a simple numerical example.

Enabling Objectives

1.

You will be able to explain how the extraction steam
flow to a feedheater changes when feedwater flow
conditions change.

November 1981 -1-
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Before we look at the feedheater as a heat exchanger,
let's take a more global view of the whole system. The maj-
ority of our systems are concerned with heat transfer of one
form or another. The systems are depending on each other and
a change in condition in one system is reflected by changing
conditions in another system.

Even in the "steady state" situation, conditions are
fluctuating due to control systems, hydraulic transients,
etc. How do we know what is within the normal fluctuation
and what is abnormal? Are some parameters more reliable than
others?

Two major questions then arise: "How do we know when we
have lost contrel?" and secondly, "Do we know why control was
lost?"

If we don't know the answers t0 these twO guestions, the
chances of regaining control are very slim. You only have to
examine the reports on Three Mile Island to see that this is
true.

In any system, the "steady state" operation is reached
when the supply satisfies the demand whether it is the supply
of gold to satisfy the investor or the supply of electrical
energy to satisfy the Grid requirements.

When the supply no longer satisfies the demand, condi-
tions start to change, sometimes very rapidly. If we concen-
trate on the basic fluid systems within a nuclear station,
there are two major parameters which will indicate changing
conditions, TEMPERATURE & PRESSURE.

Let's consider these two parameters:

TEMPERATURE

Suppose we have a liquid/liguid heat exchanger; say the
turbine lube o0il cooler. Keep the o0il flow constant and the
cooling water flow constant and watch the cooler ouatlet oil
temperature when the o0il inlet temperature remains constant.

Will it change? Why doesn't the temperature change?

It will not change because the supply of cooling water and
the supply of oil are constant and the steady state condition
is created by the cooling water removing heat at the same
rate as the cooling oil is supplving heat to the cecoler.
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Let's increase the flow of cooling water to the cooler.

What happens to the ©il outlet temperature? Why did it start
to fall?

The rate at which heat was being removed from the oil by the
cooling water was greater than the rate at which heat was
being added to the o0il by the turbine bearings.

What happened to the outlet temperature of the cooling water?

The temperature became lower because, although overall more
heat was being removed from the o0il cooler; on a per kg
base,each kg was removing less heat because there was less
time for heat absorption in the cooler.

Did the pressure of the oil change as a result of reducing
the temperature?

The pressure did not change because the pressure was being
maintained by the oil pump.

B.3.2.1
Consider the following problem:

Suppose we had a closed c¢ylinder and it was full of
liquid at 300°C and at a pressure of 9 MPa. If we started to
cool the cylinder, what would happen to the pressure?

Think about this and see if you agree with the response
at the end of the module.

¥ * % Kk K

From this example, we can see that the first effect of
cooling the cylinder was to reduce the temperature but be-
cause the temperature caused a change of volume within the
system, the pressure also changed.

If the only change in the system had been the reduction
of fluid temperature, then we could have measured this change
by temperature or pressure measurements. A reduced pressure
would lead us to deduce, quite correctly, that the tempera-
ture of the fluid was falling. Therefore, we could have used
pressure to tell us that there was a mismatch in the system,
ie, heat into the cylinder was less than heat out of the cyl-
inder.

Before we move on to look at the feedheater, have a look
at these two guestions and compare your answers with those at
the end of the medule.
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B.3.2.2

What happens to the pressure of the engine coolant in an
automobile after the engine is ghutdown? How is the effect
you describe put to good use?

B.3,2.3

A tank of liquid propane ig used for a period of time.
The pregsure in the tank falls and heavy frost forms on the
outside of the propane tank. Explain why the pressure has
fallen and why the frost has appeared.

* * * % *

Feedheater

The purpose of the feedheater is to raise the tempera-
ture of feedwater on its way to the steam generator. The
feedwater flows through the tubes and receives its heat from
steam in the heater body. The steam is extracted from suita-~
ble points on the steam turbine and may have high levels of
moisture.

If the steam was condensed to saturated liquid only,
then any small drop in pressure would cause the liguid to
vapourize and vapour locking of drain lines would occur,
Consequently, the condensate in a feedheater is sufficiently
subcooled to prevent the drains flashing to vapour.

In a steady state condition, the heat gained by the
feedwater is equal to the heat lost by the extracticn steam
and resulting condensate.

Any change in conditions on either side of the heater is
geing to appear as a temperature change or a temperature
effect because Heat Out no longer equals Heat In,

Let's have a closer look at the conditions which exist
and how they can affect heater performance.

Feedwater Side

The heat which is picked up by the feedwater is a func-
tion of the mass flow, in kg/s, and the change in enthalpy of
the feedwater across the heater. This is the same as using
the temperature difference except that by using the enthal-
pies, these values can be looked up immediately under the hg
columns in the steam tables.
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Thus heat gained by the feedwater is:
flowrate (kg/s) x [Enthalpy Out (hfout)
- Enthalpy In (hfin)].
We will put some figures into this arrangement later on.

Steam Side

The heat which is lost by the steam is a function of the
steam flow and the change of enthalpy of the steam entering
the heater and the resulting condensate leaving the heater.

Again, we can use exactly the same approach of using en-
thalpies.

Thus, heat lost by the steam to the feedheater is:
flowrate (kg/s) x [Enthalpy In (hgteam in!
- ﬁnthalpy Out (hfout)].
For any steady state operation, the heat gained by the

feedwater will be equal to the heat lost by the extracted
steam.

]

Heat Out Feedwater Heat In Steam.

Feed Flow x Enthalpy Change = Steam Flow x Enthalpy Change.

Before we examine this equation in more Qdetail, let's
just consider flowrates. The feed flow requires a pump to be
running; either the condensate extraction pump or the feed
pump. It also requires that control valves (either the level
control valves for the deaerator or the feedwater regulating
valves for the steam generater) must allow the flow of feed-
water,

The steam flow from the extraction steam belt on the
turbine tao the feedheater is not regulated by valves. The
steam will only flow from the turbine to the feedheater if
there is a presgsure difference between the turbine and feed-
heater.

B.3.2.4
How is steam flow established to a feedheater? Why is

the feedheater shell pressure normally lower than the turbine
extraction point pressure?
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B.3.2.5

How is the steam flow to the feedheater increased when
the unit power changes from 50% to 100% power?

Check your responses with those at the end of the mod-

ule.

Effect of feedwater conditions on extraction steam flow

Using the energy balance, heat in = heat out, we can
examine the effects that changes in feedwater temperature and
flowrate will have on the extraction steam flow to the feed-
heater.

Temperature

If the temperature of the feedwater into the heater
changes, then this will affect the temperature rise of the
feedwater across the heater.

The change in temperature means that the amount of heat
removed from the feedheater will have c¢hanged. Assume that
the feedwater flowrate is unchanged.

Suppose the feedwater inlet temperature drops. The
amount of heat energy which is transferred is a function of
the difference in temperature between the steam side and the
feedwater side of the feedheater. Because of the larger
temperature difference between the steam and the feedwater,
more heat is being transferred and is being removed from the
heater than before. The increased rate of heat removal has
the effect of lowering the temperature in the steam side of
the heater,

As the temperature in the heater shell falls, so does
the pressure. This provides a larger pressure difference
between the turbine extraction point and the heater, and more
steam flows to the heater. The energy to and from the heater
come back into equilibrium with a new set of operating condi-
tions.

The new operating conditions will be:

a) lower pressure and temperature in the heater shell.

b) higher extraction steam flow.

c) increased AT across the heater on the feedwater side,
although the outlet temperature will Dbe 1less than
previocusly.



125 - B.3.2

Similarly, if the feedwater inlet temperature had risen,
there would have been less heat removed from the heaterbe-~
cause there would have been a reduced temperature difference
between the steam and feedwater.,

The effect of reducing the heat removed by the feedwater
would be that the temperature in the steam space would start
to rise. As the temperature increased, the pressure would
increase and the extraction steam flow from the turbine would
reduce to a new level which satisfied the feedwater condi-
tions.

The new operating conditions will be:
a) higher temperature and pressure in the heater shell.
b) reduced extraction steam flow to the feedheater.

c) the feedwater AT across the feedheater will have reduced
although the feedwater outlet temperature will have in-
creased.

The effect of keeping the feedwater inlet temperature
constant and changing the feedwater flow produces the same
results as changes in temperature. As the heat rate removal
is increased, the temperature in the shell side falls, pres-
sure falls, extraction steam flow increases, and the system
moves back into eguilibrium,

Try these questions and compare your answers with those
at the end of the module.

B.3.2.6

Feedwater inlet temperature to a feedheater remains con-
stant. Assuming that the supply steam temperature at the
turbine remains constant, explain how the conditions of pres-
sure, temperature and flowrates change at the heater when the
feedwater flowrate is reduced.

B.3.2.7
A turbine has three feedheaters in series. Explain the

changes you would expect to find on #3 heater if heater #2 is
taken out of service.

B.3.2.8

A turbine has three feedheaters. Explain what changes
in operating conditions you would expect f£from the heaters
when the turbine power output is increased from 50% to 1003.
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Heat Transfer

The heat gained by the feedwater in the heater is equal
to the heat lost by the extraction steam. The only points
that we have to watch are:

a) the steam to the feedheater may be very wet, up to 55%.
b) the condensate to the heater drains has a significant
amount of subcooling, around 15 - 20°C.

Let's look at some examples and see how we can approach
a feedheater calculation.

A feedheater is supplied with saturated steam at a pres-
sure of 270 kPa(a} in the feedheater shell. There is no sub-
cooling of the condensate. The feedwater inlet and outlet
temperatures are 90°C and 118°C respectively. The feedwater
flowrate is 588 kg/s. Determine the extraction steam flow-
rate.

There is nothing new in the approach to this problem,
The only unknown is the extraction steam flow. If we use the
relationship, heat gained by the feedwater = heat lost by the
extraction steam, then we can find the one unknown.

Heat gained by the feedwater

This is equal to the mass flow per second multiplied by
the change in enthalpy.

Inlet temperature is 90°C h 376.9 kJ/kg.
£ g

Outlet temperature is 118°C hg¢ 495.2 kJ/kg.
Change in enthalpy = hflls - hf90 = 495.2 - 376.9.

= 118.3 kJ/kg.

{The enthalpy of the feedwater is effectively only a function
of the temperature, because the pressure effects are insign-
ificant.)

The feedwater flowrate is 588 kg/s heat gained per sec-
ond

H

flow x enthalpy

588 x 118.3 = 69560 kJ

kg x kJ/kg.



125 - B.3.2

Heat lost by extraction steam

The steam is saturated and there is no subcooling. If
we look at the temperature/enthalpy diagram, we can see that
the heat lost by the steam is in fact the latent heat of vap-
ourization.

Temperature,
°c
2.7 bar

. lr-_::;

g '
Enthalpy, J/kg
Fig. 3.2.1

At 270 kPaf{a), 1ie, 2.7 bar, the wvalue of hfg = 2173.6
kJ/kg.

Heat lost by the steam per second is the product of the
flow and the enthalpy change. Thus, heat lost by steam
+ M x 2173.6 kJ per second, where '%' is the mass flowing per
second.

Equating heat gained to heat lost:

69560 = @ X 2173.6 KJ

69560/2173.6

QO
m

32 kg every second.

In practice, the steam to the feedheater 1is usually
'wet'! and the drains are subcooled. The only difference that
this makes in the exercise is calculating the enthalpy drop
of the extraction steam. Let's look at an example,
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A feedheater is supplied with steam having a molsture
content of 28%. The temperature in the feedheater shell is
103°C. The drains from the feedheater are at 87°C. The
feedwater inlet and outlet temperatures are 58°C and 85°C and
the flowrate is 521 kyg/s. Determine the steam flow to the
heater.

The heat galned by the feedwater per second is the pro-
duct of the mass and the enthalpy change.

355.9 kJ/kg

=3
Hh
[w )
o
]

= 242.7 kJ/kg.

fo
lay]
%4
o]
k

Change in enthalpy 355.9 - 242.7 kJ/kg
= 113.2 kJ/kg.

Heat gained by the feedwater every Second

mass x change in enthalpy

li

521 x 113.2 kJ

= 58977 kJ.

The heat lost by the extraction steam which is initially
72% dry and is finally condensate, may be seen on the temper-
ature/enthalpy diagram,

Temperature,

D
p— — — ——¢>

Enthalpy, J/kg
Fig.3.2.2

- 10 -
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Enthalpy at point A = + 0.72 hfglOB

h£103
= 431.7 + 0.72 X 2248.9
= 2050.9 kJ/kg.

Enthalpy at point B = hgg, = 364.3 kJ/kg.

I

Enthalpy change cof steam 2050.9 - 364.3

= 1686.6 kJ/kg.
Heat gained by feedwater = Heat lost by steam,

58977 1686.6 x m kJ.

R = 58977/1686.6 = 35 kg/s.

Try these problems and compare your answers with those
at the end of the module.

Bl’3.2l9

A feedheater 1s fed with extraction steam from a tur-
bine. The steam enters the heater shell at 180°C in a satur-
ated condition. The drains from the heater are at 160°C.
The feedwater inlet temperature is 150°C and the outlet is
174°C. The feedwater flowrate is 1000 kg/s.

Deternine the steam flow to the feedheater.

B.3.2.10

Saturated steam enters a feedheater at 80°C and leaves
as condensate at 66°C. The steam flowrate is 60 kg/s. The
feedwater inlet temperature is 36°C and the flowrate is 850
kg/s.

Determine the feedwater outlet temperature from the
heater.

Cycle Efficiency

The most efficient heat transfer in the steam generator
occurs when the heat is transferred at constant temperature.
In other words, when the steam generator is only supplying
the latent heat of vapourization to change saturated liquid
into saturated vapour.
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In practice, this 1is not possible to achieve without a
secondary source of heating. It follows that the greater the
quantity of heat which has to be transferred in the steam
generator to bring the liquid up to the saturation tempera-
ture, the more inefficient the cycle becomes.

If there was no feedheating, the steam generator would
be fed with feedwater at around 35°C. This would mean that
the steam generator would have to raise the temperature from
35°C to say 250°C before any latent heat could be added and
therefore, before any vapour could be produced.

The feedheating system changes this picture consider-
ably. It uses heat from the turbine to raise the temperature
of the feedwater from 35°C to 175°C.

There is a second benefit in using feedheating. It is
an opportunity to use thermal energy which would otherwise be
rejected to the condenser cooling water system.

Around 70% of the reactor heat is thrown away in the
CCW. This large guantity of heat is primarily accounted for
by the remaining latent heat in the lp turbine exhaust, which
must be removed to condense the large volume steam into a low
volume liguid.

The steam turbine has a design limit of around 10 - 12%
moisture beyond which rapid erosion would result.

The guality of steam entering a feedheater is of no
significance from a heat transfer point of view. Consequent-
ly, the feedheater is able to handle moisture levels up to
50% and to raise the feedwater temperature using latent heat
which is of no further use for producing work in the steam
turbine.

B.3.2.11

a) If we can use the latent heat instead of rejecting it to
the CCW, why don't we extract more steam from the tur-
bine to heat the feedwater?

b) Maximum cycle efficiency occurs when the heat is added
in the steam generator at 250°C. Why is the feedwater
not heated to 250°C using extraction steam from the tur-
bine?

B. 3. 2' 12

If half of a nuclear power plant's feedheating capacity
becomes unavailable, it might be necessary to reduce the
electrical output. Explain two reasons why this might be
necessary.
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Compare your answers with the notes at the end of the
module.

¥ % % K %

A numerical demonstration of the benefit of feedheating
consists of making a comparison of the heat used in heating
the feedwater compared with the heat lost as work from the
turbine.

In this exercise, we have to make some assumptions and
this 1is more easily done by trying to use conditions you
would reasonably expect to find in a power plant. Let's have
a look at a question of this type.

Demonstrate the benefits of using extraction steam,
Compare the heat recovered with and without feedheating using
saturated steam extracted from a turbine at 120°C. State any
assumptions that are made,

Assumptions
1. Turbine exhaust temperature is 35°C.

2. 10% of the steam flow in the turbine is extracted for
feed heating. '

3. Assume turbine exhaust is 10% wet.

4. Assume nc subcooling in the condenser.

In this question, we have two conditions to examine:

a) with no feedheater
b) with feedheating.

In both cases, we must consider the turbine work as
recovered heat.

Case 1 No feedheating

In this case, we have the turbine work of 100% steam
flow with saturated steam at 120°C expanding to 10% moisture
at 35°C PLUS the heat in the condensate.

The change in enthalpy of the steam may be seen by look-
ing carefully at the temperature enthalpy diagram,. I say
'carefully' because you can save a lot of work by identifying
the heat which is rejected from the system and the heat which
is recovered.
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Temperature,

°c

120

Heat
in
Condensote

Turbine

Entholpy, J/kg

Fig. 3.2.3
The steam in the turbine at point A 1s saturated and
expands to 10% moisture at point B. This change in enthalpy
is recovered as work in the steam turbine. From point B to

point C, heat is being rejected at constant temperature in
the condenser as the remaining latent heat of vapourization
is being removed. From point C to point D, nothing happens
and this heat is returned to the feed system via the hotwell.

So you can see, the only heat which is lost from the
system is the remaining latent heat of vapourization.

If we consider 1 kg of steam, the recovered heat is

hgi1og = 0-9 hfgqq

hgia0 = 2706 kI/kg,

hpgyg = 2418.8 kd/ka.

#

Recovered heat 2706 - {2418.8) 0.9 kJ/kg
2706 - 2176.9

= 529,1 kJ/kg of steam at 120°C.
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Case 2 With feedheating

This case is slightly more complicated because we have
tw consider 10% of the steam flowing to the feedheater and
tne remailining 90% to the turbine. We have already done the
turbine portion so let's get that out of the way.

Still using 1 kg of steam, if we reduce the turbine
steam to 90%, we will only get 90% of the recovered heat.

Heat recovered from turbine with feedheating is 90% of
that recovered without feedheating.,

Heat recovered 0.9 x 529.1 kJ/kg

= 476.2 kJ/kg of steam at 120°C.
Consider the feedheater to which 10% of the steam is now

flowing from the turbine. Again look at the temperature/
enthalpy diagram for heat recovered.

lTemperature,

°c

120

Enthalpy, J/kg
Fig.32.4

The steam enters the heater at A and is condensed to
point B 1if no subcooling or point C if subcooling occurs.
The heat in the heater drains C-D remains in the feedwater
system, 50 no heat is leost. All the heat sent to the feed-
heater is recovered. The heat in the steam is hg 0 which
is 2706 kJ/kg. If we consider one kg, we only ha%g 10% of
this heat, Consequently, the heat recovered in the feedheat-
er 13 270.6 kJ/kg.
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Total recovered heat with feedheating is the turbine
work plus heat recovered in the feedheater.

ie, 476.2 + 270.6
= 746.8 kJ/kg of steam at 120°C.

Primarily, we have gained on latent heat of vapouriza-
tion which would otherwise have been rejected to the CCW.
Heat recovered from turbine operation was reduced by 52.9
kJ/kg but the feedheating showed a recovered heat value of
270.6 kJ/kg.

If your immediate reaction is that we should do a lot
more feedheating, remember my earlier remarks concerning num-
bers of heaters with increase in efficiency and use of high
guality steam for heating. There is an optimum level above
which an increase in feedheating capacity shows no increase
in efficiency but the numerical exercise uses the thermody-
namic principles upon which feedheating is based.

Try these questions and compare your answers with the
notes at the end of the module.

B.3.2.13

Explain why steam is extracted for feedheating and not
allowed to do further work in the steam turbine.

B.3.2.14

Saturated steam is supplied to a feedheater at 180°C.
Demonstrate the benefit of feedheating by c¢onsidering two
cases:

a) a steam turbine without feedheating
b) a steam turbine with one feedheater and compare the heat
recovered in each case. Use a temperature/enthalpy dia-

gram to explain vour reasoning.

Consider this one heater to utilize 20% of the steam
entering the turbine. State all other major assumptions
made,

* % % & %

When you feel that you are ready for the Criterion Test,
obtain the test from the Course/Shift Manager. Upon comple-
tion of the test, request the self evaluation sheet and com-
pare with your test. Finally, have the Manager review your
work so that you may identify areas to be reinforced or pro-
gress to Module B.3.1.
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Answers

MODULE B,3.2

FEEDHEATER OPERATION

B.3.2.1

The pressure in the cylinder would start to fall. The
reason for this is that as the temperature of the liguid
falls, so does the volume that the 1liquid occupies, The
molecules do not vibrate so rapidly as the temperature
decreases and they effectively occupy a smaller volume.

This is exactly the situation that we have with the PHT
system and to overcome the problem of changing pressure, we
remove some mass of DP,0 when the temperature rises and we add
some mass 0f D0 when the temperature falls. This is done
with the feed and bleed system,

B.3.2.2

If you said that the pressure increases or decreases you
could be right but with qualification.

If you really thought about this from the moment you
shut the engine down, you would have this sequence of events:

a) Initially, hot engine and then loss of coolant flow as
water pump and fan are shut down. '

b) Short term imbalance occurs due to the heat from the
engine not changing dramatically whilst the heat rejec-
tion from the cooling water via the radiator decreases
significantly. As a result, the temperature starts to
rise.

c) As the temperature rises, the 1liquid expands and the
system pressure increases until the pressure. relief
valve allows the system pressure to force the excess
fluid into a reservoir.

d} As the engine starts to cool down, the coolant system is
losing more heat than 1is being supplied because the
engine is no longer supplying heat, being shutdown., As
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the temperature falls, so does the pressure. Eventual-
ly, the pressure in the coolant system becomes below
atmospheric and atmospheric pressure 1is able to force
fluid back into the coolant circuit to make up for the
fluid contraction which has taken place.

This is a familiar pattern of events when leooking at a
closed fluid heat transfer system. How many closed fluid
heat transfer systems could you come up with?!

B.3.2.3

In this example, the pressure is falling because heat is
being removed from the system,

The propane vapour is generated by adding latent heat to
the saturated liquid in the tank. The heat that vapourizes
the liquid, flows into the tank from the outside. If the
rate of vapour production uses latent heat at a greater rate
than the heat 1is available from the atmosphere, then the
temperature of the tank contents start to fall and of course,
so does the pressure, If the usage is heavy, then the temp-
erature will fall down to the dew point when condensation
will appear on the tank and then down to the frost peoint when
the moisture on the outside of the tank freezes. At this
point, the system pressure is rapidly approaching atmospheric
pressure when no gas flow would be available at all because
there would be no pressure difference.

B.3.2.4

Consider a feedheater that 1is pressurized with steam
from the turbine but has no feedwater flow. In this situa-
tion, no heat is being transferred from the extraction steam
to the feedwater.

If the feedwater flow 1is established, the extraction
steam will condense on the feedheater tubes as the latent
heat 1is ryemoved, This c¢ondensation process results in a
local reduction in pressure around the tubkes and initiates
some steam flow.

This preocess o©f condensation continues to lower the
heater shell pressure and temperature until the extraction
steam reaches a flowrate when the heat provided by the steam
from the turbine matches the heat removed by the feedwater,

At this point, the temperature and pressure in the feed-
heater will be at lower values and the feedwater temperature
will have increased.
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This process is happening all the time creating a self
regulation effect so that the heat removed always balances
the heat supply.

B.3.2.5

As the unit power is raised from 50% to 100%, two major
changes take place on the feedheater. As the steam flow
through the turbine increases so do the extraction steam
pressures which means that the temperatures in the shell of
the heaters have also increased.

Secondly as the steam flow increases, so does the feed-
water flow to the steam generator and so heat is being remov-
ed at a greater rate than before.

Both these causes will create a larger extraction steam

flow to the heaters together with a significant increase in
feedheating.

B.3.2.6

It is probably easier to draw up a table of heater con-
ditions and then write an explanation for the changes.

Feedwater Steam
Flowrate Decrease(G) Decrease
Inlet Temp 1 Same (G) Increase
Qutlet Temp 2 Increase N/A
Feedwater AT(2-1) Increase N/A
Pressure N/A Increase

(G) Information Given

The rate of heat removal from the feedheater decreases
with the reducing feedwater flowrate. The effect is an
energy 1imbalance because the extraction steam is providing
more thermal energy than is being removed,

As a result, the temperature in the steam space starts
to rise. As the temperature rises, so does the pressure.
The effect of the rising pressure is to reduce the pressure
differential between the turbine and the feedheater and the
extraction steam flow is reduced as a result.
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Why does the feedwater outlet temperature rise in this
situation? There are two reasons, one more significant than
the other. In any heat transfer operation, the amount of
heat which is transferred is a function of temperature dif-
ference and time.

At the lower flowrate, the feedwater velocity is slight-
ly reduced which means that there is slightly more time
available for the feedwater outlet temperature to move to-~
wards the feedheater steam temperature.

More significantly, as the temperature in the steam side
0of the feedheater rises, there becomes a larger difference
between the steam temperature and the average feedwater temp-
erature and more heat is transferred. In this way, the AT
for the feedwater has increased across the heater although
the inlet temperature remained constant and the feedwater
flowrate decreased.

B.3l2‘7

In this exercise, the feedwater flowrate 1is going to

remain constant. If we remove the number two heater, the
number 3 heater will receive feedwater at a temperature much
lower than normal. The effect of this low inlet temperature

will be that heat energy will be transferred at a higher rate
from the high temperature in the steam space to the lower
temperature feedwater. :

There 1is now an energy imbalance where more heat is
being removed from the feedheater than 1s being supplied and
the temperature in the steam space starts to fall, As the
temperature in the steam space drops, s0 does the pressure
and more extraction steam flows from the turbine to the heat-
er.

In summary conditions on #3 heater will be as follows:

1. Heat transfer and extraction steam flow will increase,

2. Temperature and pressure in the steam space will
decrease,

3. Feedwater outlet temperature will fall,

4. Feedwater temperature vrise across the heater will
increase.
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B.3.2.8

Some significant changes occur with the extraction steam
and the feedwater when the turbine power is raised from 50%
to 100%,

As the governor steam valves open up, less and less
throttling takes place until the point is reached when the
GSVs are fully opened and there is no throttling at all
across the GS5Vs.

At this point the steam pressure at the emergency stop
valves 1is being evenly dropped across the whole of the tur-
bine down to condenser pressure instead of having a major
pressure drop across the GSVs.

As a result of this change, all the stage pressures in
the turbine have increased including those at the extraction
steam points.

A higher pressure differential now exists to the feed-
heaters. More extraction steam flows to the heaters which
means that more heat is being supplied to the feedheaters
than is being removed by the feedwater and the shell temper~
ature rises which meang that the shell pressure also rises.

The higher temperature in the steam space increases the
heat transfer to the feedwater and the feedwater outlet temp—
erature on all the heaters increases.

As a result of increasing the steam flow through the
turbine, there will be a demand for higher feedwater £flow
into the steam generator.

The effect of increasing the feedwater flow through the
heaters will further increase the rate of heat transfer and
the extraction steam flow will increase further to match this
new thermal load.

In practice, these two conditions are happening at the
same time. Probably the only parameter which does not change
dramatically 1is the condensate temperature from the conden-
ser.

In summary, the extraction steam flows will increase,
the feedwater flow will increase, the feedwater outlet
temperatures from the heaters will increase, the feedwater
temperature rise across the heaters will increase, the
pressure and temperature in the steam space of the heaters
will increase.
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B.3I2-9

Using the temperature/enthalpy diagram, we can see that
the heat lost by the steam is the difference between h9180

and hfl60°C'

Temperature,
°c
180} = — — —— —
B
160 — — — —

e e i — — }

Enfhclpy, J/kg :
Fig.3.2.5
Enthalpy difference of the steam = h, ~ hy

hg150 - P10
= 2776.3 - 675.5

= 2100.8 kJ/kg,

Heat lost by steam = m x 2100.8 kJ per second.

Heat gained by the feedwater = Bfi174 ~ hficg
= 736.7 - 632.1
= 104.6 kJ/kqg,
Heat gained per second = Mass x enthalpy change
= 1000 x 104.6

= 104600 kJ,
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The heat lost by the steam

heat gained by the feedwater

M x 2100.8 = 104600 kJ
R = 104600/2100.8
m = 49.8 kg/s.

B.3.2.10

In this example, we know everything about the steam and
have to find the feedwater temperature. '

Temperature,
°c
A
BOp ~— = = —
66 — — — — A3

Ny g — — —

Enthalpy, J/kg
Fig. 3.2.6
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Change in enthalpy of steam to condensate is
fggp - Dfge

h 2643.8 kJ/kg

g
Rfee

276.2 kJ/kg.

]

Change in enthalpy 2643.8 - 276.2

2367.6 kJ/kg.

Heat lost by steam per second

mass x enthalpy change

60 x 2367.6

]

142056 kJ.

Heat gained per second by the feedwater

mass X enthalpy change
= mass x (hfy = hg,.)
= 850 x (hgy = 150.7) kJ.
Heat lost by steam = Heat gained by feedwater
142056 = 850 X (hgy = 150.7) kJ
142056/850 = hgy = 150.7 kJ
167.1 = hgy = 150.7

. - hfx = 31?.8 kJ/kg.

'x' is temperature corresponding to a liquid enthalpy wvalue
of 317.8 kJ/kg.

From table 1, x = 76°C when hg = 318 kJ/kg,
B.,3.2.11

a) Although there is a lot of low temperature heat avail-
able that would normally be rejected to the CCwW, it is
of little use in heating the feedwater. The reason for
this is simply that the temperature of the steam is very
close to that of the condensate sgo the amount of heat
which may be transferred is extremely limited.
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Toc obtain better heat transfer, we can use higher temp~
erature steam but as steam is extracted at higher and
higher temperatures, the turbine work lost to feedheat-
ing increases. There is an economic point beyond which
feedheating is of no further benefit. In the Candu sys-
tem, this optimum occurs when the feedwater temperature
is around 175°C.

b) Before we examine this principle any closer, let's make
a statement of fact,

"It is impossible to raise the temperature of the feed-
water to 250°C using heating steam which 1is also at
250°C,"

50, why can't we heat the feedwater to 240°C? In
practice, the feedwater outlet temperature 1is roughly
4°C below the extraction steam temperature to the heat-
er. If we wanted feedwater at 240°C, then we would have
to use steam at 244°C.

This situation creates a conflict of interest. We want
to maximize the cycle efficiency by raising the feed-
water temperature but we also want to use the high temp-
erature steam in the turbine where it is of most benefit
in producing work.

B.3.2l12

The action that would follow a significant loss of feed-
heating capacity depends largely upon where in the feedheat-
ing cycle the loss occurs.

If the loss occurs in the early part of the feedheating
system, then 1t is possible for a large proportion of the
heat loss to be picked up in the following heaters.

It should be realized that this will dramatically change
the extraction steam flow distribution and more high quality
steam will be used for feedheating instead of turbine work.
Thus, it may be possible to maintain a reasonable feedwater
temperature into the steam generator but at the expense of
power in the higher pressure end of the turbine and conse-
quently, electrical power would be reduced.

The main point to c¢onsider is the thermal shock to the
steam generator feedwater nozzles. When the temperature
difference 1s large between the steam generator temperature
and the feedwater temperature, the thermal stresses become an
overriding parameter, An operating limit, of temperature
difference, ensures that permanent damage does not result. A
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reduction in steam flow and hence feedwater flow is the only
way to reduce the temperature difference at the feedwater
neozzles., This reduces the feedwater flow through the
feedheaters which raises the feedwater temperature.

If the feedheating was unavailable at the high tempera-
ture end of the system and temperature differences in the
boiler were not a problem, the loss of heating would have to
be provided by the PHT system in the steam generator. The
average temperature and pressure in the steam generator would
fall, assuming reactor power is congtant and in a reactor
leading program, the BPC program would sense a mismatch and
reduce the turbine 1load,

The loss of feedheating would provide more steam flow
to the condenser and would cause a mismatch between the heat
lost by the steam and the heat gained by the CCW system,
Even if the wvacuum delcader did not operate, an increased
pressure in the condenser would reduce the steam flow through
the turbine., Would the turbine power level change?!

B.3.2.13

When the steam is exhausted from the turbine, it still
possesses around 80% of its heat, the majority of which will
be rejected to the CCW in the condenser and the rest will be
returned to the system in the feedwater.

If we can use some of the heat which is going to be
rejected to the CCW, then the savings are obvious,. We can
show by simple calculation that although a small amount of
turbine work is lost, a considerable amount of heat is gained
from the extraction steam,

As the steam temperature increases, the penalty in lost
turbine work also increases when using high temperature steam
for feedheating.

The closer the feedwater is to the saturation tempera-
ture in the steam generator, the more efficient the cycle be-
comes, 'Typically, the saturation temperature is 250°C but it
is not only impossible to heat the feedwater to 250°C using
steam at 250°C but is is not economically viable to heat it
above 175°C, The temperature of 175°C represents the econom-
ic cut-off temperature above which the penalty of using high
temperature steam becomes unacceptable,
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BI3'2.14

First of all, state your assumptions - all of them!
a) Turbine exhaust temperature is 35°C.
b} Turbine exhaust moisture is 10%.
c) No subcooling occurs in the condenser.
d) 20% of the steam flow in the turbine is extracted for

feedheating.

Case 1 No feedheating

The conditions may be shown on a temperature/enthalpy
diagram showing saturated steam at 180°C expanding to 10%
moisture at 35°C. '

Temperature,

°c

h f35 5

Enthalpy, 1/kg
Fig.3.2.7

The enthalpy change from point A to point B represents.
the work done in the turbine. The enthalpy drop from point B
to point C 1is the heat rejected to the CCW system and the
enthalpy C-D is the heat energy remaining in the condensate
in the hotwell and is returned to the feedwater system.
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The loss of heat is the 90% of the latent heat at 35°C.

S0 the recoverable heat is h9180 - 0.9 hfg35

2776.3 - 0.9 (2418.8)

i

599.4 kJ/kg of steam at 180°C.

This represents both the heat in the condensate and the

work done in the turbine.
Case 2 With feedheating
There are two areas to cover:
a) the turbine work and condensate.
b) the feedheater operation.
a) Turbine Work and Condensate

If the flow through the turbine is reduced by 20%, then
the work and condensate will show a 20% reduction of
recoverable heat.

Recoverable heat from the turbine and condensate with
20% extraction steam = 0.80 x 599.4

= 479.5 kJ/kg of steam at 180°C.
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b) The Feedheater

We can see how much recoverable heat is available from
the feedheater by drawing the temperature/enthalpy
diagram.

Temperature,
o

C

Enthalpy, J/kg
Fig. 3.2.8

The enthalpy change from point A to point B is the heat
gained by the feedwater and lost by the steam. The enthalpy
change from point B to C represents the heat given to the
feedwater and subcooling the heater drains. The enthalpy C-D
is the remaining heat in the drains from the heater and this
remains in the system, S0 the total heat in the steam is
recovered.

hgigo = 2776.3 kJI/kg.
The heat gained for 20% of 1 kg is
0.20 x 2776.3 = 555.3 kJ.

Thus the total recoverable heat with feedheating per
kilogram of steam entering the turbine is

479.5 + 555.3 = 1034.8 kJ

compared with 599.4 kJ without feedheating.

J. Irwin—Childsl
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Heat & Thermodynamics

MODULE B.3.1

CONDENSER PERFORMANCE

Course Objectives

1.

You will be able to explain four advantages of using a
condenser instead of rejecting the exhaust steam to
atmosphere from a steam turbine,

You will be able to explain the changes which occur to
pressure and temperature when steam or CCW flowrate
conditions change in the condenser.

You will be able to list a sequence of steps designed to
eliminate the causes of increased condenser pressure.
You will be able to explain the reasoning for each step.

You will be able to explain two undesirable consequences
for each of the following conditions;:

a) operating the condenser above design pressure
b) operating the condenser below design pressure.

Given condenser conditions relating to steam and cooling
water, you will be able to calculate either the CCW flow
or the steam flow.

November 1981 -1 -
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In this module, we will be looking at condenser perform-
ance and examining some of the basic concepts of condenser
operation. In many respects, the feedheater and condenser
have a lot in common. They both remove heat from steam using
a ligquid coolant.

Why do we need a condenser? It's a simple question that
has a more complicated answer. You may say that the condens-
er is in the design to allow the cycle efficiency to be opti-
mized. That's not altogether true! The fact that we do use
a condenser does allow us to maximize the efficiency of the
cycle, but that is not the prime reason for using a condens-
er.

If we did not bother to collect the exhaust from the
turbine and return it to the system, the costs of operating a
unit would be wvery high.

We would be throwing away hot demineralized water at the
rate of around 1000 kg every second. This is obviously an
impractical situation. The size of the water treatment plant
and storage would be enormous.

It 1s an advantage to retain the working fluid within
the system, The need for phenomenal guantities of treated
water is eliminated and some of the remaining heat in the
cooling fluid is recovered.

After the steam turbine, the working fluid is returned
to the boiler for heating. The boiler is at a much higher
pressure than the turbine exhaust so we must raise the pres-—
sure of the working fluid to a higher pressure than the boil-
er in order that the working fluid can flow into the boiler.

This creates a basic problem. The exhaust steam from
the turbine exhaust has a very large volume, even at atmos-
pheric pressure and the easiest way of raising the pressure
of the exhaust steam is to use a compressor. The problem
with this concept is that the compressor would be extremely
large, due to the large steam volume, and would consume vast
quantities of power.

If we could reduce the volume of the working fluid and
pump liquid instead of wvapour, the problems would be much
more acceptable,

The condenser allows the volume of the working fluid to
be reduced dramatically; a reduction in volume of around
28000 to 1, ie, 1 kg of steam at low condenser pressure
occupies arcund 28000 liters. When condensed, the final
volume is 1 liter.
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The price that we have to pay for this reduction in
working fluid volume is that we must reject around 66% of the
total reactor power or sensibly twice the turbo-generator
power. This heat which appears in the CCW is the latent heat
of vapourization from the turbine exhaust steam which had to
be removed for condensation to saturated liquid to occur. We
do manage to keep the remaining sensible heat in the result-
ing condensate in the condenser hotwell.

Before we move on, answer the question below and check
your answer with the notes at the end of the module.

B.3.l.l

Explain the function of the condenser and describe three
advantages that arise from a plant design using a condenser.

kx * % * &

Cycle Efficiency

Having made a decision t¢ use a condenser, we are now
faced with another problem. At what temperature should the
condenser operate?

Thermedynamically, we can get the best use from the
steam when the temperature difference between the steam in
the steam generator and the steam in the c¢ondenser is at
maximum.,

In practice, the type of nuclear fuel that is used dic-
tates that the steam temperature is around 250°C as we will
discuss in more detail in Module B.l. When we look at making
the exhaust temperature in the process as low as possible, we
find that there are constraints on this option as well.

It is a fact that we cannot condense the exhaust steam
at a lower temperature than the ccoling water. In the summer
time, the CCW inlet temperature may be fairly high in rela-
tion to winter when the temperature may hover around the
freezing mark. These two conditions represent the range of
temperature that we would expect to see. In practice, the
system is designed arcund some temperature between the two
exXtremes,

Suppose the mean temperature, ie, the average between
the CCW inlet and outlet temperatures, was 15°C. Does this
mean that the temperature of the steam in the condenser will
be 15°C under operating conditions? The answer is that if
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condensation is to occur, the latent heat of vapourization
has to "flow” from the condenser steam space to CCW system.
Therefore, there has to be a temperature difference between
the steam and the average CCW temperature.

In practice, the lowest temperature in the condenser 1is
around 33°C and this is the temperature for which the con-
denser heat transfer will be designed.

The potential cycle efficiency is now fixed based upon a
maximum temperature of 250°C steam and an exhaust temperature
of 33°C. Obviously, these temperatures will vary from sta-
tion to station but the principle is still wvalid.

You can see now why I said that having the condenser to
maximize the efficiency wasn't altcogether the true picture.
We needed the condenser to return the working fluid to the
steam generator, and having made that choice, we then were
able to optimize the efficiency.

Answer the following question and check your answer with
the notes at the end of the module.
B.3Il.2

Explain why steam is not expanded to 10°C in the turbine
when the CCW inlet temperature is 0°C.

k k k ok &

Heat Transfer

I am going to look at the condenser in exactly the same
way as we examined the feedheater. 1 will use a single con-
denser tube to illustrate the ideas so that we can visualize
what is happening in practice.

Steam Heat
Space
CC“/‘ ot CCw
Qutlet v Inlet
Fig. 311

Let's just take a look at the diagram. The tube repre-
sents one condenser tube through which the CCW is travelling
and through the walls of which the heat flows from the steam
to the CCW. The amount of heat which is able to flow from
the steam space in the condenser to the CCW depends upon the
difference which exists between the steam temperature and the
average temperature of the CCW. 1In practice, the heat trans-
fer is more complex than this but a simplistic approach will
allow a clearer understanding of the concept.
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Outlet + Inlet.

The average CCW temperature =

2
Consider the steady state situation in the tube. The
temperature in the steam space is T4 and the average tempera-
ture of the CCW is Tyaz. Tg is greater than Ty, and heat is

flowing from the steam space to the CCW in proportion to (Tg
- Twa):

Heat

: . T
ouTt Twa Y iN

Fig. 3.1.2

The temperature rise across the condenser tube is Touyp -
Tins The pressure which exists in the steam space is the
saturation pressure for temperature Tg.

Let's congider several changes in the system and examine
the effects on the rest of the system.

CCW Inlet Temperature Increases

Initially, the heat transferred will stay constant.
Suppose the CCW inlet temperature rose by 4°C, then the out-
let temperature would rise by the same amount because initi-
ally, the same amount of heat would be transferred. What
happened to the average CCW temperature T, ;7?7 If the inlet
temperature rose by 4°C and the outlet temperature rose by
4°C, then Ty, would rise by 4°C.

What has happened to the temperature difference (Tg -
Twal? As the average CCW temperature has risen, so the temp-
erature difference has dJdecreased and less heat is being
transferred.

Exhaust steam is still entering the condenser at the
same rate but the heat rejection rate to the CCW has decreas-
ed. What will be the effect of this energy imbalance? How
does it affect the condenser? The temperature in the steam
space will rise. What will happen to the condenser pres-
sure? It will rise with the rising temperature to maintain
the saturation pressure corresponding to the temperature,

As the condenser pressure rises, the difference in pres-
sure from the GSVs to the condenser decreases which means
that the steam flowrate through the turbine decreases until
the heat entering the condenser is once again egual to the
heat leaving via the CCW system.
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‘The changes may be reflected by recording in table form.

Steam CCW
Flowrate Decrease Same
Inlet Temp X Increase
Outlet Temp X Increase
Ave Temp Increase Increase
Pressure Increase X

Answer this question and compare your response with the
notes at the end of the module,

* Kk Kk % ®

B.3.1.3
Explain how temperatures, pressure and flowrates are

affected in a condenser when the CCW inlet temperature
falls. Summarize your answer in table form.

CCW Flowrate Increases

To examine the effe¢t of change, we 1initially must
assume that the rest of the system remains at the same level
of operation. If the CCW inlet temperature remains constant
and the heat rejected £from the c¢ondenser remains constant,
the effect of increasing the CCW flowrate will be to lower
the CCW outlet temperature. This is because with the
increased flowrate, each kilogram of CCW will pick up less
heat and therefore there will be less temperature rise.

The falling €CW outlet temperature lowers the average
CCW temperature which increases the temperature difference
between the CCW and the condenser steam space and more heat
flows to the CCW. There is now an inequilibrium because heat
is being removed at a greater rate than it is being supplied
and the temperature in the steam space starts to fall. The
condenser pressure falls with the temperature and the steam
flow into the c¢ondenser increases because of the larger
pressure differential across the turbine.

The system finds a new operating point with a lower CCW
outlet temperature, lower condenser pressure and temperature,
together with an increased steam flow.
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Steam CCW
Flowrate Increase Increase
Inlet Temp X Same
Outlet Temp X Decrease
Ave Temp Decrease Decrease
Pregsure Decrease X

Answer the following question and compare notes at the
end of the module.

B.3.1.4

The steam flow into a condenser is increased from 50% to
100% whilst the CCW inlet temperature and flowrate remain
constant. Explain the changes you would expect and list the
changes in table form.

* % k K X

A condenser is designed to operate at a particular pres-
sure., This pressure ig used to optimize the turbine perform-
ance. Deviations from the design value of condenser pressure
can create problems as we will see later on. One of the
first indications of change in the condenser performance is a
change in condenser pressure for which there may be several
reasons.

Reduction of CCW Flowrate

This situation may occur because the condenser tubes are
blocked or because of the loss of a CCW pump. The result
will be an increased CCW outlet temperature which will raise
the CCW average temperature and result in a higher tempera-
ture and pressure in the steam space. There will be no Adif-
ference between the condensate temperature and the condenser
exhaust temperature.

This may also be due to accumulated gas in the water
boxes which may be determined by checking the vacuum priming
system. : .

Fouling of the Heat Transfer Surfaces

Fouling is due to contaminants being deposited on the
heat transfer surfaces, Contaminants may be o©il, corrosion
scale, or other deposits on either the CCW side or the steam
side of the condenser tubes.
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The effect of fouling means that a larger temperature
difference is required to overcome the increased thermal re-
sistance. The CCW outlet temperature does not change signif-
icantly, but the temperature and pressure in the steam space
will have increased. There will be no difference between the
condensate temperature and turbine exhaust temperature.

Change in CCW Inlet Temperature

The change in inlet temperature will be seen by a cor-
responding change with the CCW outlet temperature and a cor-
responding change in the CCW average temperature.

If the CCW inlet temperature rises, then the CCW outlet
temperature and CCW average temperatures also rise. This
results in an increase in pressure and temperature in the
steam space. There will be no difference between the conden-~
sate temperature and the exhaust temperature.

Aixr Ingress

If air is drawn into the condenser, it impairs the heat
transfer on the steam side because the air collects around
the condenser tubes where it was left by the condensing
steam, If air leakage does occur, it will reduce the cooling
surface area available for condensing the steam.

The pressure in the condenser is equal to the sum of the
partial pressures due to all the gases and vapours. In norm-
al circumstances, there is so little air and other gases, the
pressure is sensibly only due to the steam,

If air is now introduced, the pressure rises and the
condenser pressure is due to the pressure of the steam plus

the pressure due to the air. The saturation temperature for
the steam only dJdepends upon the partial pressure due to the
steam. This provides a means of checking whether the in-

grease in condenser pressure is due to air or some other
cause.

If there was no subcooling, as there should not be in
the condenser, the temperature of the condensate would be
equal to the saturation temperature corresponding to the
pressure.

If air has entered the condenser, the pressure will be
higher than that indicated by the condensate temperature. If
the condensate temperature was 35°C and the condenser pres-

sure was 70 kPa({a), then there is a very strong possibility
that air has entered the condenser and is impeding heat
transfer. If there was no alr present, the condensate temp-

erature would be tgyt at 70 kPa({al, tgye = 39°C.
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Flooding of Condenser Tubes
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Another indication of air ingress is a decrease in the
exhaust temperature into the condenser although the condenser
pressure will have risen.

The greater the % air in the con-
the more exaggerated this effect becomes.

A giveaway for air ingress is a marked increase in dis-
solved oxygen in the condensate.

heat
This

a)

b)

ed.

increase in condenser pressure.

There is

If a problem of level control arises in the hotwell,
transfer surfaces may become floocded with condensate,
flooding produces two effects:

There is
dengate.

able for

the

a significant degree of subcooling of the con-

a reduction in the heat transfer surface avail-
condensing the steam.

This event would result in an increase in temperature
and pressure in the steam space.
would be increased and the condensate would be well subcool-

A table of changes,
conditiong may be a useful guide to determining cause for the

ing else has changed in the system,

relative to the

"normal"

The CCW outlet temperature

condenser

The table assumes that noth-

1 2 2-1 3 4 5 4-5
Changing CCW CCW Cond. |Turbine| Cond.
Condition Inlet QOutlet Press.|Exhaust| Temnp.
Temp. Temp. Temp.

CCW Flowrate Same Incr., Incr.| Incr. Incr. Incr.| Zero
Decrease

Condenser Tube Same Same Same Incr. Incr. Incr.| Zero
Fouling

CCW Inlet Temp. Incr. Incr. Decr.| Incr,. Incr. Incr.| Zero
Increase

Air Ingress Same Decr. Decr.| Incr, Decr. Decr.| Incr
Tube Flooding Same Incr. Incr.| Incr, Incr. Decr.| Incr
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B.3.1.5

The pressure in a condenser is normally 5 kPaf{a) and has
risen to 7 kPa{a). Describe the steps yocu would follow to
guickly eliminate some of the possible causes for the in-
crease in condenser pressure. Explain why you are consider-
ing each parameter.

* * k K %

Earlier in the module, I said that deviations from the
design condenser pressure could result in problems. Let's
examine the effect of operating with a condenser pressure
lower than design, ie, a higher vacuum.

Suppose we have steam at 800 kPa(a) with 50°C superheat
entering a low pressure turbine which exhausts to a condens-
er at a pressure of 60 kPa(a). (You will recognize that the
exhaust pressure is not realistic but allows the process to
be easily illustrated on the Mollier diagram.) For simplici-
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we'll assume that the turbine expansion is isentropic
which means that the expansion is represented by a vertical
line on the diagram, '

is arcund 10%.

a vacuum of 40 kPaf(a).

~ From the diagram,

you can see that the exhaust moisture

The ideal work done in the turbine is equal
to the enthalpy drop from point A to point B.

Thus the turbine work is:

HA - HB.

Suppose the CCW conditions are such that we can obtain

see how this changes the previous operating condition.

Let's look at the Mollier diagram and
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There 1is an obvious difference when locking at the
amount of enthalpy that is converted into work in the tur-
bine. This work has increased to Hp -~ Hg which repre-
sents an additional 13% turbine power.

A second effect of the lower condenser pressure is to
increase the steam flow through the turbine which alseo
contributes to increasing the turbine power.

Why does this present a problem operationally? You
have probably already noticed the new exhaust condition from
the low pressure turbine. The moisture level has increased
by around 2%. If this increased moisture level is experienc-
ed for any length of time, there will be a significant in-
crease in the rate of erosion on the turbine blading which
will increase stresses and accelerate failure due to fatigue.

The second aspect o©of this problem is also related to
blade stresses. The turbine output power has been increased
due to the increased enthalpy drop through the turbine and
to the increase in steam mass flowrate due to the larger
pressure difference between the turbine GSVs and the condens-
er. This increased turbine power level puts more stress on
the turbine blading and will significantly reduce blading
life.

Everything has its price and the price that is paid for
operating the turbine at exhaust pressures below design
values is reduced blading life. This reduced blading life is
due to increased stresses as a result of accelerated erosion
and overpowering of the turbine.

Let's look at the other condition of operating a tur-
bine with a higher pressure than design, ie, a lower wvacuum.

From the previous example, it will be no surprise to
find that the turbine power has been reduced due to:

a) a lower enthalpy drop available from the steam.

b} a reduced steam flowrate due to the Jlower pressure
difference which exists between the GSVs and the
condenser.

The loss of turbine power is obviocusly undesirable but
the story deoes not end here. Less work is done per kilogram
of steam which reduces the cycle efficiency.

A more immediate concern relates again to the turbine
blading. The velocity of the low pressure blade tips is
approaching 800 m.p.h. As the pressure of the steam in the
condenser increases, sc the density of the steam increasges.
The increase in density results in an increase in frictional
effects on the turbine blading which results in heating.
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Permanent blade distortion due to creep effects is sig-
nificantly affected by temperature, If the temperature is
allowed to rise to a critical wvalue, the low pressure blades
will permanently stretch in the radial direction and in so
doing, close up the radial tip clearances.

In the event of a high condenser pressure, the vacuum
unloader reduces the turbine lcad to contrel the heating
effect on the long low pressure turbine blades.

If reducing the turbine power via the vacuum unloader
does not have the desired effect, the vacuum trip will oper-
ate at a condenser pressure of around 25 kPa(a).

It should be restated that there is no long term advan-
tage to be gained in operating a turbine at exhaust condi-
tions other than those for which the machine is designed.

Do these guestions and check your answers at the end of
the module.

Bl3.1.6

It appears that the power output of a turbogenerator may
be increased to 110% of rated continuocus full power. The in-
crease 1in available power 1s dueto low CCW inlet tempera-
tures. Describe two turbine related problems which would re-
sult from operating at this condition for any significant
length of time.

B.3.l.7
If you were faced with the situation in question

B.3.1.6, what would be your recommendations for operating the
turbine?

B.3.1.8
Explain why a vacuum unloader and vacuum trip facilities

are considered necessary protective deviceson a steam turbine
exhausting to a condenser.

* Kk Kk %k *
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Steam Flowrate and CCW Flowrate

The approach to numerical problems relating steam flow
and CCW flow is exactly the same as the approach we used for
the feedwater. Heat lost by the exhaust steam = Heat gained
by CCW. For example, a condenser is supplied with cooling
water at an inlet temperature of 4°C. The temperature rise

across the condenser is 10°C.

Steam at 36°C enters the condenser at 12% moisture and a
flowrate of 680 kg/s.

Assuming that there 1s no subcooling of the condensate,
determine the CCW flowrate.

Heat Lost by Exhaust Steam

A sketch of the temperature enthalpy diagram will quick-
ly confirm how much heat is lost by the steam.

Jemperoture,

°c

) SRR § S

.thg

Enthalpy, J/kg
Fig. 31.5

At point A, the steam has lost 12% of its latent heat
because it is 12% moisture. The condensate is not subcooled
and is therefore, saturated liquid at 36°C.

¥From the diagram, we can see that the heat to he removed
from 1 kg of steam is the remaining latent heat, ie, 0.88

hfgsg-
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2416.4 kJ/kg

From Table 1 heg at 36°C

0.88 x 2416.4 2126.4 kJ/kg.

The total heat lost by the steam per second is found by
multiplying the heat lost per kg by the mass flowrate 2126.4
x 680 = 1445952 kJ per second.

Under steady state conditions, this is the heat gained
by the CCW.

Heat gained per kilogram of CCW is the enthalpy of the
liguid at the outlet temperature (4 + 10 = 14°C) less the
enthalpy of the liquid at the inlet temperature (4°C).

Heat gained heg - he,

= 58.75 - 16.80

41.95 kJ/kg. -

Every kilogram of CCW picks up this amount of heat in
the condenser until the total of 1445952 kJ has been removed
every second. If 1 kg removes 41.95 k3 of heat, then
1445952/41.95 kg of CCW are required to remove 1445952 kJ of
heat = 34468 kg.

Every second 34468 kg of CCW are required to remove the
heat lost by the condensing steam.

Try these examples and check your answers at the end of
the module.

B.3.1.9

A condenser operates at a pressure of 6 XPa(a) and
receives steam at a flowrate of 710 kg/s which is 92% dry.
The CCW outlet temperature is 12°C and the temperature rise
across the condenser is 10°C. Assuming no subcooling of the
condensate, determinethe CCW flowrate required.

- 15 -
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B.3.1.10

45 x 103 xg/s of CCW flow through a condenser with an
inlet temperature of 3°C. The CCW temperature rise is 9°C.

gaturated steam is condensed to saturated liquid at 35°C.
Determine the steam flow into the condenser.

* % % * %

This completes the module on condenser performance.
When you feel you are ready for the test, ask the course/
shift manager. When you have written the test, ask for the
self-evaluation sheet and lock at the notes. Discuss your
answers with the course/shift manager and when you are both
gsatisfied, have the manager sign your progress summary sheet.

Proceed to Module B.4.2 or B.2.
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Answers

MODULE B.3.1

CONDENSER PERFORMANCE

B.3.1.1

It is obviously wasteful tc reject the working f£fluid
from a system at the end of a process. This is particularly
true if the fluid has some economic value, eq, contains some
heat and has already been processed as in the water-treatment
plant.

Having made the decision to retain the working fluid at
the end of the process and return it to the system presents a
problem. The exhaust at the end of the process is a mixture
of water as vapour and liquid. How do you pump this mixture
into the steam generator? You could use a compressor but be-
cause of the very large specific volume of exhaust steam, the
size of the compressor would be equal to the size of the tur-
bine and probably consume more power than the turbine pro-
duces.

So we can use a pump. The only problem is that most
pumps are designed to handle liquids and not ligquid/vapour
mixtures. The only way that we can produce liquid is to con-
dense the steam by removing the remaining latent heat of
vapourization. This is the reason for the condenser to
change the state of the working fluid from vapour to liquid,
thereby reducing the volume significantly and allowing the
working fluid to be pressurized using a conventional pump.

Three immediate benefits that arise from using the con-
denser are:

1. Use of a small pump instead of a compressor as already
stated.
2. Scme of the turbine exhaust heat is recovered as sensi-

ble heat in the condensate.
3. A significantly reduced treated water usage and plant
incurs a much lower capital and operating eXpense.
B.3.1.2
There are two aspects of this question. The first point

is that there has to be sufficient temperature difference be-
tween the Steam and the CCW to be able to reject the heat
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from the steam to achieve condensaticn. In practice, the
rough difference 1is 25°C above the mean CCW temperature.
This is only a guide but it serves to illustrate that this
temperature difference does not exist in the question as
stated.

The second point concerns the seasonal variation of CCW
temperature. Suppose the condenser design was fine tuned to
achieve the stated performance,.

As the temperature of CCW inlet rose in the surmmer, the
CCW flowrate would have to be increased in proportion to com—
pensate. In practice, there would be insufficient CCW capac-
ity and the unit would have to be derated. So we would have
gained during the winter but lost that advantage during the
summer.

B.3.1.3

We can apply exactly the same rationale as before.
Initially, the heat rejected from the steam in the condenser
will remain congtant. As the CCW inlet temperature falls, so
the CCW outlet temperature will also fall., At the same time,
the average CCW temperature will fall.

The effect of the lower average CCW temperature will
increase the temperature difference between the steam in the
condenser and the CCW and more heat will flow to the CCW.

There is now an imbalance. The CCW 1s removing more
heat than is being supplied to the condenser and the average
temperature in the condenser falls. As a result of the fal-
ling temperature, the pressure in the condenser also drops.

The effect of the lower condenser pressure is to in-
crease the pressure difference between the GSVs and the con-
denser and more steam flows,

The system settles out with lower CCW temperature, lower
condenser temperature and pressure and a larger steam flow-
rate to the condenser.

Steam CcCcw
Flowrate Increase Same
Inlet Temp X Decrease
Outlet Temp X Decrease
Ave Temp Decrease Decrease
Pressure ! Decrease ) X
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B'3.1.4

As soon as the steam flow intc the condenser starts to
increase, there will be an imbalance in the heat input to the
condenser and the heat rejected to the CCW. As a result of
the increased steam flow to the condenser, the temperature in
the stegam space will start to rise because with the existing
temperature differences bhetween the steam and the CCW, the
CCW is not able to remove the extra heat energy.

As the temperature in the steam space rises, so the tem-
perature difference between the steam and the CCW increases.
This increased differential allows more heat to flow to the
CCW and is seen by a higher CCW outlet temperature.

This temperature in the condenser continues to rise un-
til the temperature difference between the steam and the CCW
rises to a level when all the extra heat energy is being
transferred to the CCW. The condenser pressure will, of
course, rise with the temperature in the steam space.

r Steam CCW
Flowrate Increase Same
Inlet Temp X Same
Outlet Temp X Increase
Ave Temp Increase Increase
Pressure Increase X

B‘3.l ls

In this exercise, we are not concerned with the remedial
action to be taken. Knowing the possible caugses of the loss
of back pressure, the procedure is essentially tc rule out as
many options as we can., A word of caution - in practice,
conditions may be greatly different upon closer examination
than at first glance. The fact that a possible cause for the
high pressure is determined in this exercise, does not mean
that you stop before completion. There may be more than one
cause., Having identified the probable causes, someone would
then have to calculate whether these probable causes would
account for the total change in condenser pressure. We don't
have to do this part of the exercise.

a) So let's start the exercise. Before we stride into the
problem, we have to have a reference from which to
work. The safest reference is to check the CCW inlet

temperature. If this has increased, then this will
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account of some or all of the pressure increase due to
the increase in average CCW temperature and therefore an
increase in the steam space average temperature. If the
CCW inlet temperature is the same as before the pressure
rise, this option is eliminated.

b) The next possibility is so obvious that we often forget
to consider it! Has the turbine power changed? Has
'there been a reduction in steam extracted from the tur=-
bine? An increase of 10% steam flow will raise the CCW
outlet temperature by approximately 1°C if the full CCW
flowrate is passing through the condenser.

The increased steam flowrate would have produced an im-
balance in the energy into the condenser/energy out of
the condenser. As a result, the average temperature in
the steam space would have increased to transfer a
greater guantity of latent heat to the CCW system.

If the steam flow has not increased, this option is
eliminated.

c) Has the CCW flowrate through the condenser dropped?
This could be due to a CCW pump having tripped or tube
blockage occurring.

If all the temperatures apart from the CCW inlet temper-—
ature have increased including the condensate tempera-
ture, then having followed the process to this point,
this is a likely cause. You must watch that the conden-
sate temperature increases as well because this option
is very similar in its effect to that of flooding the
tubes with the exception of the condensate temperature.

The reduced flowrate would result in a higher CCW outlet
temperature and therefore a higher CCW average tempera-

- ture. This would mean that the steam space temperature
would have to rise to maintain the same temperature dif-
ference in order to transfer the same quantity of heat
to the CCW.

a) The next possibility is that of air ingress. I1f this
has occurred, the air will act as an insulating blanket
and reduce the heat transfer in the condenser which will
be seen by a lower CCW outlet temperature. This will
occur even though the condenser pressure has risen, It
is quite 1likely that the partial pressure of the steam
will have fallen as well and this would reduce the temp-
erature of the steam space in the condenser but the con-
densate temperature would be below that of the condenser
exhaust temperature. The real giveaway is a marked jump
in the dissolved oxygen level in the feedwater.
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e} Tube flooding is a possibility but does not happen very
often. The giveaway for tube flooding is a significant
drop in the condensate temperature leaving the hotwell.
The subcooling has resulted from the condenser tubes be~
ing immersed in the condensate.

£) Tube fouling that impedes the heat transfer, as opposed
to tube blockage which restricts the CCW flow, is un-
likely to happen suddenly. This situation usually

deteriorates with time. However, it is conceivable that
an oil slick could be drawn in through the CCW system or
some similar contamination could occur within the steam
side of the condenser.

In this situation, you would not expect to see any sig-
nificant change on the CCW c¢ircuit. The problem is one
of higher thermal resistance to the transfer of the same
amount of heat from the steam to the CCW. This resis-
tance is overcome with a higher temperature difference
between the steam and the CCW which results in the high-
er condenser pressure.

If you followed this exercise and did not find at least
one possibility for the increased condenser pressure,
you should consider checking the wvalidity of the read-
ings you are using. There are some things which we have
to accept and I have accepted that the increase in con-
denser pressure indication was real and not a fault on
the data system.

B.3.1.6

There are two turbine related problems which will arise
from operating a turbine above full rated power due to a
lowering of condenser pressure.

The lower condenser pressure allows more work to be ex-
tracted from the steam which looks like something for noth-

ing. However, the only way that more heat may be extracted
from the steam is to allow more latent heat to be removed and
more steam to condense in the turbine. The increased mois-

ture will accelerate ercgsion of the blading and will result
in premature fatigue failure of the turbine blading.

In the second aspect we are concerned with the increased
work done by the blades due to the drop in condenser pressure
and the extra steam flow which arises as a result of the
larger pressure difference between the GSV and the condenser,
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The extra work from the turbine increases the mechanical
loading on the blades. This extra loading will result in
premature blade failure as a result of the higher stresses.

B.3.1.7

Before you can make a recommendation, you must to sure
that you know why the turbine unit is now operating in this
condition.

The turbine is operating at full rated power and because
the CCW conditions have changed, we now have the opportunity
of overpowering the turbine which may be desirable in the
very short term but is undesirable in principle. How can we
restore the condition to 100% power at design vacuum?

If you feel you want to advocate reducing turbine power
to 100%, RESIST this temptationl

Let's have a look at this situation from the start, How
did the turbine conditions change in the first place? Quite
simply - the CCW inlet temperature dropped which lowered the
average CCW temperature and allowed more heat to be removed
from the condenser than was being supplied by the steam.

If we reduce the turbine load, will the condenser pres-
sure increase or decrease? Reducing the amount of heat
entering the condenser will cause an even greater mismatch
between heat lost by exhaust steam and heat gained by the
CCW. In this situation, the condenser pressure would fall
further as the average temperature in the condenser approach-
ed the CCW inlet temperature. The moisture in the exhaust
steam would also rise.

The solution to the condition is to reverse the effect
of the CCW inlet temperature. If each kilogram is capable of
removing more heat, then t¢ maintain the previous operating
condition the condenser needs a lower CCW flow. How this is
achieved in practice depends upon the condenser design. It
may be possible to reduce the number of CCW pumps on the unit
or it may be possible to reduce the CCW flow from the water
boxes with a CCW outlet valve.

Whichever technique is employved, a reduction of CCW flow
will restore the turbine power to 100% at design vacuum.
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B.3.1.8

If the pressure in the condenser starts to rise, this is
an obvious indication of a mismatch between the heat being
rejected by the exhaust steam and the heat being gained by
the CCW.

In this case, the heat being rejected by the steam
exceeds the heat being gained by the CCW. As a result the
temperature and pressure rise in the condenser.

The tips of the low pressure blades are travelling
around 800 mph and the frictional skin heating effects on the
rotating blades become very significant as the temperature
and pressure rise.

The centrifugal force is trying to elongate the moving
blades., As the temperature of the blades rises, the resis-
tance to elongation becomes less. If the blades did stretch,
they would close the radial blade clearances with the turbine
casing and the results could be catastrophic.

To prevent this event occurring, we try and restore the
equilibrium across the condenser by reducing the amount of
steam entering the condenser. This is done in practice using
the vacuum unloader which reduces the o©0il pressure to the
GSVs. If the pressure continues to rise in spite of the
vacuum unloader action, then the turbine is tripped on con-
denser high pressure using the vacuum trip at which point the
heating of the low pressure turbine blades ceases.

B.301.9

The heat lost by the condensing steam is equal to the
heat by the CCW,

Heat Lost by the Condensing Steam

A sketch of the temperature/enthalpy diagram is of help
in presenting the initial and final steam conditions.
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The steam entering the condenser at point A, has already
lost 8% of its latent heat of vapourization. The condensate
at point B is saturated liquid when it leaves the condenser.
The heat which has been removed between points A and B is the
remaining latent heat of vapourization at & kPa(a).

From table 2, hgg at 6 kPala) = 2416 kJ/kg

Heat lost per kg of steam 0.92 x 2416

il

2222.7 kJ.

Total heat lost by steam in the condenser equals the
change in enthalpy (2222.7 kJ/kg) multiplied by the mass
flowrate (710 kg/s}).

Total heat lost per second

2222.7 x 710

1578131 xJ.

- 24 -
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This heat is gained by the CCW.

The outlet temperature

is 12°C and the inlet temperature is 2°C (12°C - 10°C).

Thus heat gained per kilogram of CCW

he12 - g,
50.38 - 8.39

42 kJ/kq.

Every kg of CCW removes 42 kJ of heat until 1578131 kJ

have been removed every second.

CCW flow required to remove 1578131 kJ =

B.3.1.10

This time we know the CCW

flow. The approach is exactly

Heat gained by CCW Heat

Heat Gained by CCW

Cutlet temperature
Inlet temperature

Heat gained per kg of CCW

Total heat gained by CCW
multiplied by the CCW flowrate

Total heat gained by CCwW

1578131

33 = 37584 kg/s.

flow and have to find the
the same.

steam

lest by steam.

12°¢c (3°C + 9°C).

3°C.

= hfrp - by
50.38 - 12.60

37.8 kJ.

equals enthalpy rise (37.8 kJ)
(45 x 103 kg/s).

37.8 x 45 x 103

1.7 x 106 xJI/s.

This is equal to the heat lost by the condensing steam

in the condenser.
example.

- 25

The heat lost is uncomplicated in this



125 - B.3.1

Temperature,

°c

e o e — — — e

B T BRI
Enthalpy, J/kg
Fig. 3.1.7

The steam enters the condenser as saturated steam at
point A and leaves as saturated liquid at point B. The heat
which has been removed in the condenser is all the latent
heat of vapourization at 35°C.

From table 1 hgg at 35°C = 2418.8 kJ/kg.

This heat is gained by the CCW and steam is continually
condensed giving up 2418.8 kxJ/kg until 1.7 x 10% kJ of heat
are transferred to the CCW every second.

The steam flow required to transfer 1.7 x 10® kJ/s

1.7 x 106/2418.8 kg/s

i

703 kg/s.

J. Irwin-Childs
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Heat & Thermodynamics

MODULE B.2

STEAM GENERATOR

Course Objectives

l.

You will be able to explain how the temperature differ-
ence between the steam generator and the PHT system
changes during a "crash-cool” exercise.

You will be able to state how the PHT average tempera-
ture is affected by increasing the thermal resistance of
the steam generator tubes.

You will be able to explain why the programmed steam
generator level increases with power.

You will be able to explain one problem concerning high
beiler level and three problems c¢oncerning low beiler
level. You will be able to state the control action
which is designed to overcome these problems.

You will be able to state the three elements used for
boiler level control and explain why they cannot be used
at low loads.

You will be able to explain the response of the station
control system to a falling boiler pressure when control
is in the 'normal' mode and the control of the speeder
gear is in 'auto'.

You will be able to explain why the BPC program termin-
ates at 170°C when in the 'cooldown' mode.

You will be able toc explain how raising the pressure of
the steam generator improves the efficiency of the
steam/water cycle.

You will be able to explain the limitation on raising
the steam generator pressure in the CANDU system,

November 1981 -1 -
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We have examined the basic thermodynamic principles and
must now apply these principles to the operation of the steam
generator and finally the reactor.

The steam generator removes the heat from the reactor un-
der normal conditions. The heat which is removed from the
fuel in the reactor channel by the heat transport D0 is re-
jected in the steam generator to the lower temperature light
water systemn.

The steam generator heat transfer takes place at the
tube bundles through which the primary heat transport £luid,
flows and around which the feedwater flows.

By varying the rate of heat removal in the steam gener-
ator we can control the rate at which the heat transport
temperature changes or we can ensure that it remains con-
stant, depending upon the power manoeuvring at the time.

In addition to acting as the major heat sink for the
reactor the steam denerator produces high quality working
fluid that may be used to produce mechanical power in the
steam turbine.

The heat that is transferred from the PHT system to the
steam generator depends upon the temperature difference which
exists between the D90 and the lightwater in the steam gener-
ator.

As the temperature difference increases, more heat is
transferred. In a "crash-cool" exercise, this 1is exactly
what happens. By rejecting steam from the steam generator to
lower the pressure, the temperature falls as well and in-
creases the temperature difference between the steam generat-
or and the reactor. As a result, more heat is transferred
and the cool-down rate of the reactor is increased.

The heat which 1s transferred also depends upon the
thermal resistance of the tubes in the steam generator. If
these tubes become coated with oxide or other material, the
thermal resistance will increase which means that a higher
temperature will be needed in the PHT system in order to
transfer the same quantity of heat.

B.2‘l

Explain how the temperature difference between the PHT
system and the steam generator changes during a "crash-cool"
exercise,.



B.2.2

Explain how an increase in thermal resistance, across
the steam generator tubes, affects the average PHT tempera-
ture.

* % % % *

Level Control

It is important that the mass of light water in the
steam generator remains constant to provide an adequate heat
sink capacity for the reactor.

We have already seen that the ligquid in the steam gener-
ator will expand as the temperature rises. This expansion
will cause an increase in the level of liquid in the steam
generator.

Do this exercise and compare your answer with the notes
at the end of the module.

B'2.3

Feedwater in the steam generator is heated until the
temperature rises from 170°C to 250°C. Determine the percen-
tage increase in volume that would occur due to this tempera-
ture rise.

* Kk k k *

In addition to this increase in level there is another
effect which will occur. As boiling takes place steam bub-
bles will form within the liquid and if the mass of water
stays constant this will cause the steam water mixture level
to rise. As the rate of 'steaming in the steam generator in-
creases the ratio of steam to liquid in the steam generator
will increase and cause an even higher level although the
mass of 'water' in the steam generator will not have changed.

This increase of steam generator level is programmed in-
to the control system. The level getpoint in the steam gen-
erator increases linearly with steam flow until maximum steam
generator level 1is achieved at 100% steam flow.



The effect of rapidly lowering the pressure of saturated
liquid may be seen on a temperature/enthalpy diagram.

Temperature,

Enthalpy, J/kg
Fig. 2.1

The enthalpy remains constant and as the pressure rapid-
ly falls, the ligquid has more heat than is needed for satura-
tion conditions and the excess heat produces vapour. What
happens to the level in the steam generator? It rises! You
can see this effect if a large steam reject valve or a con-
denser steam dump valve is open. The steam generator level
rises momentarily. If there had been a high level in the
steam generator then there would have been a danger of prim-
ing the steam lines with liquid from the steam generator.
This effect of increased volume due to a sudden decrease in
pressure or rise in temperature is called "swell".

The maximum swell! effect in the steam generator would
occur when there is a large demand in steam flow, eg, an in-
crease in load from 50% to 100% power on a hot turbine. In
this case the swell would not cause a problem because the
programmed level would only be at the 50% power setpoint and
sO priming is less probable. '

In the event that an abnormally high level occurs in the
steam generator, a governor steam valve trip is initiated to
prevent liquid being carried into the turbine where massive
blade failure could occur.



Look at the following questions and compare your answers
with those at the end of the module.

B. 2.4

The mass of "water" is kept constant in the steam gener-
ator over a wide power range. As the steam flow increases
the programmed level in the steam generator also increases.
Explain why the programmed level has to increase with steam
flow.

B.2I5

Explain why it is undesireable to have liquid enter the
steam turbine and state how the probability of this event
occurring is reduced.

* k k % %

The effect of swell is reversed when the pressure in the
steam generator is suddenly increased. This may occur with a
turbine trip when the steam flow is instantaneously reduced.
Any vapour bubbles which exist within the liquid are collaps-
ed and the liquid level falls., This causes the fluid in the
steam generator to "shrink". If the steam generator is oper~-
ating at a low level when the turbine trip occurs, then the
resulting shrink may result in a very low steam generator
level.

There are three potential problems with a very low

steam generator level. First, the level may fall below the
sensing point for level control, which is above the top of
the tube bundle. This means that the level control program

can no longer detect the level - it still operates at minimum
level signal.

Secondly, as the water inventory in the steam generator
falls the capacity as a heat sink for the reactor is also re-
duced and this is obviously an undesireable trend.

Thirdly, if the level in the steam generator falls any
further the tube bundle will be uncovered and dry out will
occur. The dissolved solids existing in the steam generator
will "“bake out" on the tube surfaces and impede future heat .
transfer.

The problem of low level is accommodated initially with
an alarm which may allow operator action and finally with a
reduction of reactor power, either by a setback or a trip de-
pending upon the operating rationale at the station concern-
ed. The effect of rapidly reducing reactor load ensures that
the reactor thermal power is more closely matched to the re-
duced heat sink capacity of the steam generators.
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Answer the following questions and compare your answer
with the notes at the end of the module.

B.2.6

Explain why the level in the steam generator initially
falls on sudden reduction of steam flow.

802.7

Explain three potential problems of low steam generator
level and how the effect of these problems is reduced in
practice.

* * * % *

There are three signals used for the level control pro-
gram,

{a) steam flow,
{b) feed flow,
{c} actual level.

The steam flow signal is used to produce a programmed
level setpoint for the steam generator which varies linearly
from 0% to 100% steam flow.

Control circuits compare steam and feed flows for mis-
matching, they also compare actual and programmed steam gen-
erator levels.

At low flows of steam and feedwater, measurement of flow

is unreliable, In addition to this problem any feedwater
regulating valve operation has a dramatic effect on the sys-
tem because the flowrates are so low. One minute there is

virtually no flow at all, then a regulating valve cracks open
and a great slug of water enters the system.

In this low power/flow condition steam generator level
is essentially controlled by the level controller exclusive-
ly. Above ~20% flowrate, when the large feedwater regulating
valves are in service the level control system can operate
with all three elements.
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Change of Steam Generator Programmed Level /Power
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By comparison you can see that the programmed level at
Pickering NGS-A changes by 152 cms whilst the programmed
level at Bruce NGS-A only changes by 61 cms.

B.2.8

Why do you think this difference exists? Compare your
answer with the notes at the end of the module.

BI 2.9

State the three elements which are used in a boiler
level control program. Explain how level control is effected
at low power levels.

100



125 - B.2

B.2.10

The high 1level alarm has been received on a boiler,
What actions can the operator take?

* k Kk * %

Boiler Pressure Control

Boiler pressure is used to control the mismatching which
may occur between the thermal power produced by the reactor
and the thermal power removed from the steam generator by the
steam flow.

As we have already discussed, in a saturated steam sys-
tem either temperature or pressure may be used to represent
the same heat quantities., 1In the Candu system we use pres--
sure because it is so sensitive to changes in the balance of
thermal power.

The main heat sink for the reactor is the steam generat-

or . In turn, the steam generator hag its own heat sinks,
some small, some large, some variable, some fixed.

Steam Turbine

This is the normal consumer of steam from the steam gen-
erator. At Pickering NGS-A it is capable of using all the
reactor steam. At Bruce NGS5-A the situation is complicated
by the supply of reactor steam to the Heavy Water Plants.

At Bruce NGS-A the turbine cannot take all the reactor
steam and consumes 88% of the total reactor steam if both the
reactor and turbine are at full load.

Changes in turbine or reactor power may be made by the
BPC program to meet the designed pressure setpoint.

Steam Reject/Digcharge Valves

These valves are capable of discharging any steam flow
necessary to restore system control. If the turbine is
available there is usually an offset before these valves
operate, to allow speeder gear operation to have an effect on
the steam flow via the GSV.

If the turbine is not available, the offset is removed
and these valves operate as soon as the pressure setpoint is
exceeded. If the mismatching is large enocugh for the main
reject/discharge valves to operate, then a reactor sekback
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is initiated until the large valves close and equilibrium is
restored.

Safety Valves

In the unlikely event that the turbine and/or the rej-
ect/discharge valve systems cannot control the pressure
excursion, then the steam generator safety valves will allow
the excess steam to be vented to atmosphere.

Auxiliaries {D/A, Gland Steam, Steam Air Ejectors)

These loads are relatively fixed and although they may
account for up to 1:0% of the total steam flow, they do not
appear as controllable heat sinks from a steam generator
pressure viewpoint.

Boiler Blowdown

This 1s a variable heat sink and may affect the steam
generator. However, the flowrate is only 1-2% and as a re-
sult has an ingsignificant effect on boiler pressure.

B.2.11

List the three major heat sinks for the steam generator
and state when they are used.

k k & Kk *

Boliler Pressure Set Peoint "At-Power™

In all the BPC programs there is a pressure set-point at
various power levels.

At Bruce NGS-A the pressure set point is constant at 4.3
MPal(a).

At Pickering NGS-A the pressure setpoint falls from 5.09
MpPa(a) at 0% power to 4 MPa(a) at 100% power.

The rationale for these two situatiocons will be discussed
in further detail in Module B.1 "Reactors". At this point
this is the set of conditions that have to be met by the
steam pressure control programs at each station.
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BPC Pressure Setpoint vs. Unit Power
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We are examining the pressure of the steam generator.
Suppose we want to raise the pressure in the steam generator,
how could we do thig? The reactor is rejecting heat to the

steam generator and the steam generator is rejecting heat via
the steam system.

If we wish to raise the pregsure in the steam generator
we have to produce an imbalance which results in more heat
being supplied to the steam generator from the reactor than
is being removed from the steam generator wvia the gteam,
There are two ways that we could to this:

(a) Raise reactor power.
(pr} Decrease steam flow from the boiler.

In practice the method used would depend upon the mode
of control.

On the other hand, if we wanted to lower the steam gen-
erator pressure, there are two acticns that could be taken:

(a) Reduce reactor power.

{b) Increase steam flow from the steam generator.
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Reactor Leading Mode

In this mode, the reactor power is kept constant and the
steam flow from the steam generator is varied to meet the
programmed BPC setpoint pressure for the reactor power. This
mode is used at Pickering NGS-A as the ‘normal' operating
mode and is used at Bruce NGS-A for low power operation and
for abnormal conditions.

Reactor Lagging Mode

In this mode, the gsnerator load is kept constant and
the reactor is controlled to maintain the boiler pressure
setpoint. This is the 'normal' mode used at Bruce NGS-A.

Boiler Pressure Control - Reactor Leading

In this mode, the reactor power is changed to the new
value and the BPC program makes sure that the rest of the
system follows.

Suppose we want to raise unit power. Initially we can
change demanded reactor power and produce more heat. There
will now be more heat rejected to the steam generator than is
being removed by the steam. As a result the pressure will
rise in the steam generator. The BPC program sees the rise
in pressure and opens thée governor steam valves tc allow more
steam to flow out of the steam generator into the steam tur-
bine, thereby reducing the steam generator pressure back to
the programmed setpeint for that reactor power.

The turbine provides the primary heat sink for the steam
generator, In the event that the turbine could not reduce
the steam generator pressure, then the secondary heat sink
would be used, ie, Steam Reject Valves (SRV's).

If the speeder gear is not under BPC control and the
mismatch causes the steam pressure to rise above the pressure
setpoint the small SRV's will open. If this dcoes not reduce
the steam pressure then two events will follow:

{a) the large SRV's will open to reduce the steam generator
pressure.

(b) the reactor power will be reduced until the large SRV's
shut, thereby quickly reducing the mismatch in power.

If the unit power is to be reduced, a reduced demanded
reactor power is input. The steam pressure starts to fall as
now more heat is being removed from the steam generator than
is being supplied by the reactor.
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The BPC program monitors the falling steam generator
pressure and reduces the steam flow into the steam turbine
via the GSV's to restore the setpoint pressure.

B. 2. 12
Pescribe how a rising boiler pressure signal would be

handled with a "reactor leading" mode, at power, when the
speeder gear is not controclled by the BPC program.

* K kK K K

Boiler Pressure Contrcl - Reactor Lagging

In this mode the generator power is kept constant and
the reactor power setpoint is adjusted to maintain the pres-
sure setpoint.

Suppose we wanted to raise unit power. Initially an in-
c¢rease in demanded power would result in an opening of the
GSV's which would result in a lowering of the steam generator
pressure because more heat is being removed with the steam
than is being supplied by the reactor. The BPC program re-
sponds to the falling boiler pressure by raising the reactor
power setpoint until the boiler pressure returns to the pro-
grammed value.

As already mentioned, this mode applied only at Bruce
NGS~A. In extreme cases where the reactor manceuvring cannot
contrecl the pressure, the BPC program reverts to reactor
leading. In the high pressure situation atmospheric steam
discharge valves relieve the excess pressure. If the hoiler
pressure error is t00 large because of low pressure, a slow
speeder runback isg initiated until boiler pressure is restor-
edo

B.2.,13

Describe how a falling boiler pressure signal would be
handled with a "reactor lagging" mode at power.

* K Kk k %

Warm Up Mode

In this mode the Heat Transport system temperature may
be raised by requesting a constant rate of change of boiler
setpoint pressure.

The excess steam is vented to atmosphere via the steam
reject valves at Pickering NGS-A or the atmospheric steam
discharge valves at Bruce NGS-A.



By increasing the pressure in the steam generator the
temperature is also increased. A common example is an auto-
mobile radiator. (Why increase the radiator pressure? If
overheating was a problem raising the pressure may prevent
boiling and would increase the heat removal rate from the
radiator due to the higher coolant temperature resulting from
the higher pressure.)

Cooldown Mode

In the cooldown mode heat has to be removed from the re-
actor until the reactor can be cooled with shutdown cooling.

If the turbine is available the turbine load can be re-
duced using the BPC program so that the electrical output re-
duces with the reduced steam flow available from the steam
generator.

It should be noted that as the steam pressure falls, the
gquality of steam in the turbine is deteriorating and this in-
creasing wetness in the turbine may be a very good reason for
not allowing the BPC program to use the turbine all the way
down. In this case switching the speeder control to "Manual"
would bring the steam reject values into operation.

If the turbine is not available, as in a turbine trip,
then steam is rejected either to atmosphere via steam reject
valves at Pickering NGS or to the main condenser via condens-
er steam discharge valves at Bruce NGS~A. This process con-
tinues until the temperature of the PHT falls to around 170°C
at which peint the SRV's are full open and no longer capable
of reducing the PHT temperature. It is at this point that
the shutdown cooling takes over.

B.2.14

Explain why the BPC program terminates at 170°C when in
the 'cooldown' mode.

Cycle Efficiency

As stated in Module B.3.1, we can get best use (ie, most
efficiency) from steam when the temperature difference be-
tween the steam in the steam generator and the steam in the
condenser is at maximum.

If we raise the steam pressure in the steam generator,
how does this affect the steam temperature?
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Since the water in the steam generator 1is at saturation
conditions, if the pressure of the water is raised the water
will boil at a higher temperature. Thus, the temperature of
the steam produced will increase - this increases the temper-
ature difference between the steam in the steam generator and
that in the condenser., The efficiency of the cycle will in-
crease as well.

There is a limitation on the pressure of the steam gen-
erator. As the pressure and temperature of the water /steam
system are increased, the temperature difference across the
steam generator tubes is decreased and less heat is transfer-

red from the primary heat transport fluid. The temperature
of the primary heat transport fluid in the tubes will in-
crease. This will cause the temperature of the primary heat
transport fluid in the reactor to increase. Less heat will

be transferred through the fuel sheath and the fuel and fuel
sheath temperatures will rise.

The limiting temperature of the primary heat transport
fluid in the reactor is 290 to 300°C. At this 1limit, the
temperature in the fuel reaches a maximum of 2300°C and the
fuel sheath temperature 1is approximately 350 to 400°C. If
the heat transport fluid temperature rises abave 300°C, (with
no boiling)}, the maximum fuel tenmperature approaches the
melting point (about 2800°C).

If melting cof fuel occurs, fission product gases normal-
ly held at the fuel grain boundaries are released, building
up high pressures inside the fuel sheath. The fuel sheath
temperature is increasing rapidly (and its mechanical
strength is decreasing) as the heat transport fluid and fuel
temperatures increase. The high pressures on the inside of
the fuel sheath will contribute to failure of the sheath
which will likely occur in the range of 800 to 1100°C. When
sheath failure occurs there will be release of fission
products into the primary heat transport system.

Answer the following gquestions and compare your answers
with those at the end of the Module.
B,2.15

How does raising the pressure of the steam generétor im-
prove the efficiency of the steam/water cycle?



B.2.16

Explain the limitation (in the CANDU system) on raising
the steam generator pressure.

* % * * *

We have covered the major points concerning the steam
generator. You should turn to the objectives and read them
carefully. If you feel that you can satisfy these require-
ments, ask the course/shift manager for the Criterion Test.

* * K K %

wWhen you have completed the test, ask for the Self
Evaluation Sheet and compare your answers.

When you are ready, ask the course/shift manager to re-
view your work. If you identify areas that need further
practice, return to the relevant section and then try the
test again when you feel you are ready.

When you are both satisfied with your work, have the
manager sign off the progress summary sheet and proceed to
the final! Module, B.l "Reactor".



Answers

MODULE B.2

STEAM GENERATOR

B.2.1

In a "crash-cool" exercise, the steam is rejected f£from
the steam generator fast enough that the pressure will
fall., 1In this situation, the temperature in the steam gener-
ator falls with the pressure. The result of the falling
temperature is to increase the temperature difference between
the PHT system and the steam generator which increases the
rate of heat removal from the reactor and reduces the time
for reducing reactor temperature,

B.2.2

The effect of increased thermal resistance means that a
higher temperature difference. is required to transfer the
same amount of heat. This is exactly the same as in the
electrical analogy where the voltage applied to a higher
resistance has to be increased to transfer the same amount of
power through the circuit.

The higher temperature difference can only be produced
by an increase in the PHT average temperature. So an in-
crease 1in the thermal resistance of the steam generator
tubes, due to corrosicon products and other material contamin-
ation, will result in an increase of the average PHT tempera-
ture.

B.2.3

Using the steam table, we can compare the specific vol-
ume of liguid vg at 170°C and 250°C using table I,

ve at 170°C = 1.1144 [J/kg

ve at 250°C = 1.2513 £/kg.
Change in volume = 1,2513 - 1.1144

= 0.1369 f/kg.

This percentage increase in volume = {0.1369/1.1144) x 100
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Obvicusly there is some increage in level solely due to this
expansion effect.

B.2.4

Suppose the steam generator is at operating temperature
but producing no steam. At this condition the boiler would
be full of liquid containing no vapour bubbles. The level of
the liguid would be that corresponding to the programmed
level at 0% power.

If the heat input to the steam generator is increased
boiling will now occur and vapour bubbles will be produced
within the liquid. This will have the effect of "floating”
the surface of the liquid to a higher level.

As the rate at which heat is being supplied to the boil-
er increases, to the maximum, so the generation of vapour
bubbles reaches a maximum. At this full power steaming rate
the steam generator level reaches its highest value.

Steam is leaving the boiler and the fluid is being re-
rlaced by feedwater entering the bpoiler to maintain a level,
programmed to the rate cof steaming, to keep the mass of water
in the vessel gensibly constant.

At full load approximately 10% of the weight of fluid in
the boiler is due tco wvapour bubbles., These wvapour bubblesg
produce an increase in the total fluid volume of approximate-
ly 5 times, when steaming at full power.

B.2.5

Liguid has a high density in relation to vapour. It 1is
also relatively incompressible. This means that when a
change of direction is needed with 1liquid flows at high
velocities and large flowrates very large forces can result.
Water hammer is an illustration of this effect. The liquid
will tend to wove in a straight line, <Can you imagine a slug
of water passing through the high pressure turbine in a
straight line? Slugs of water in a steam turbine produce the
same type of problem as birds flying into aviation gas tur-
bines.

The blading attempts to change the direction of the
liguid flow into the turbine and it is even money at best as
to whether the blade is strong enough to withstand the impact
or the water breaks the blading and wholesale blade shedding
results.
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Needless to say the presence of water is to be avoided
and this event is anticipated by a high level alarm on the
steam generator which may allow some operator action before a
high level trip operates the governor steam valves on the
turbine to exclude the liguid.

Bl 2.6

One of the easiest ways of analyzing this effect is to
return to the temperature/enthalpy diagram and plot the
initial condition and raise the pressure keeping the enthalpy
constant.

Temperature,
o
C
1 n
NS P
|1 :
‘ A

Enthalpy, J/kg
Fig. 2.4

Initially the steam generator has fluid as liquid/vapour
mixture at pressure P; as shown at point A. When the pres-
sure suddenly increased to Py the mixture is now below the
saturation temperature corresponding to the higher pressure
and the vapour bubbkles condense as the latent heat of vapour-—
ization is used to raise the liquid to the new saturation
temperature. '

The condensation process causes the vapour to disappear
and the volume shrinks resulting in a reduced steam generator
level.

B.2‘7

There are basically three problems that arisze from a
very low steam generator level.
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First, as the water inventory in the steam generator is
reduced there 1is less capacity as a heat sink for the reac-
tor. This means that from a contrel point of view we are
moving in a direction where we have more reactor thermal pow-
er than we can handle. Not a desireable situation!

Secondly, if the level falls below the low level tapping
on the steam generator, the level control program will not
recognize this event and actual level measurement will be
lost.

Thirdly, if the steam generator level falls below the
top of the tube bundle, dry out will occur and dissolved
solids existing in the steam generator will "bake out" onto
the external tube surfaces and impede future heat transfer.

The probabilities of the above events occurring are re-
duced by a low level alarm which may allow some operator
action. If this is not successful, a significant reduction
in reactor power occurs to restore the match of thermal power
of the reactor to the reduced heat sink capacity of the steam
generator. The reduction of reactor power may be a setback
or trip depending upon operating rationale at the specific
station.

B.2.8

The whole concept of changing the programmed level with
steaming rates revolves around maintaining adequate heat sink
for the reactor.

If you don't think about it, it would appear that the
Bruce NGS-A reactor which is 60% larger than Pickering NG§-A
doesn't require as large a heat sink. This obviously is not
the case, There is a large design difference in the steam
generators at Bruce NGS-A not the least of which is the com-
mon steam drum which ig partly full of liguid and therefore
- pPresents a much larger capacity than at Pickering NGS-~A.
This 1is the primary reason for the smaller change in steam
generator level with power, there is more capacity available
for the same level change. '

The three elements are:
(a) Steam flow,
(b) Feedwater flow,
(¢} Actual level.

The steam flow is used to produce the programmed level,
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The comparator circuits look at:

Steam/Feedwater flow
Actual/Programmed level.

At low power levels measurement of steam flow and feed-
water flow is not very accurate and control of the feedwater
flow via the feedwater regqulating valves is insensitive. At
this point the steam generator level is more easily handled
by the level controller alone without the other two elements.

When the steam flow is in excess of 20% and the large
feedwater regulating valve is being used, the three elements
may be used to monitor steam generator level.

B.2.10

Every station is going to have different systems and
congtraints. As a result we can only examine the concepts
and then see how the concepts are applied in the operating
manuals.

The questicon does not state whether the boiler is asso-
ciated with a bank of boilers, furthermore it does not state
whether all the boilers have the same high level.

We must make some assumptions. We'll assume that the
boiler is in a bank of boilers and is the only boiler with a
high level,

At low loads it is common for different boilers to have
different steaming rates due to physical positions within the
system. It is important to identify the boiler which has the
highest steaming rate and ensure that the feedwater trim/iso-
lating valves are left in the full open position.

The high level in the boiler should be reduced by
slightly opening the trim valves on the remaining boilers.
The objective is to have all the boiler levels at sensibly
the same wvalue.

If after adjusting trim valves the levels overall remain
high, then this situation may be corrected by reducing the
setpoint of the feedwater control valve controller.

This situation is most likely either at low lecads where
small changes in actual flowrates are going to have a very
significant effect, or when reactor power distributicn to the
boilers is changed by changes in reactor zonal power produc-
tion,
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If there is a danger of boiler high level tripping the
turbine then the boiler blowdown valves may be opened to try
and prevent this happening.

B.2.11
The three main heat sinks for the steam generator are:
(a) Steam Turbine

(b) Steam Rejection System
{¢) Boiler Steam Safety Valves,

Steam Turbine

This is the normal heat sink and is used as a heat sink
when the turbine steam flow 1s used to control the boiler
steam pressure.

Steam Rejection System

This is used as the second heat sink and may reject
steam to atmosphere or the condenser depending upon the sta-
tion in question. This system is used if the turbine is not
available to remove the excess steam. In this case the off-
set is removed and the SRV's operate as soon as the pressure
setpoint is exceeded.

Boiler Safety Valves

In the unlikely event that neither the turbine nor the
SRV's can restore the over pressure the boiler safety valves
will lift to protect the gsteam generator from overpressure,

'B.2.12

The "reactor-leading”"” mode 1is the 'normal' mode for
Pickering NGS-A which means that the reactor power will stay
constant whilst the steam flow is adjusted to maintain the
pressure setpoint.

If the turbine speeder gear is not controlled by the RPC
program then no change in steam flow to the turbine can occur
and steam flow from the steam generators will be achieved by
opening of the reject steam valves.

The offset which normally applies to the steam reject
valves, when the turbine is available to the BPC program, is
removed. As soon as the boiler pressure exceeds the setpoint
pressure the steam reject valves will start to open.
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If the over pressure is such that the large reject valves are
needed, then a reactor setback will be initiated to reduce
the time taken to restore control.

The reactor setback would stop when the large steam re-
ject valves closed. If this did not happen the reactor would
reduce power to 2% FLP.

Bl2ll3

In the ‘reactor lagging' mode of operation the variable
power is associated with the reactor. If the steam pressure
started to fall below the setpoint pressure the demanded
reactor power would be increased to restore the steam gener-
ator pressure.

In the event that the steam pressure continued to fall
the unit control would change and initiate a slow speeder
gear runback until the steam pressure was restored.

B.2.14

The BPC program relies upon being able to change the
steam flow from the boiler to change the boller pressure.

As the steam pressure in the boiler drops the volume of
steam increases. For example at 250°C, 1 kg of dry steam has
a volume of 50 liters. As the temperature and pressure fall,
this volume increases. At 130°C the volume has now increased
to 668 liters per kg which is an increase of more than 13
times,

The effect of this increasing steam volume causes the
SRV's to open until they reach a point where they are fully
open and can no Jlonger reduce the pressure in the steam
generator.

This happens at around 170°C. As a result, this is the
termination point of cocldown using BPC. Further cooling of
the PHT system will take place using the shutdown cooling
circuits. :

B,2.15

As the pressure in the steam generator 1is raised, the
water boils at a higher temperature, ie, the steam tempera-



ture increases. This has the effect of increasing the temp-
erature difference between the steam in the steam generator
and that in the condenser. This increasgsed temperature dif-

ference means there is more work available in the turbine,
which increases the cycle efficiency.

B.2.16

The fuel 1limits the operating pressure and temperature
of the steam generator. The fuel is a ceramic which has very
poor heat transfer characteristicg. With centre fuel temper-
ature about 2300°C, the sheath temperature is only 330 to
400°C. Allowing for heat transfer from the fuel to the D0
and heat transfer from the D30 to the light water in the
steam generator, the operating temperature in the steam gen-
erator is around 250°C.

If the centre fuel temperature reaches the melting point
{at about 2800°C}, release of fission product gases from the
fuel may contribute to sheathing failure and escape of fis-
sion products into the primary heat transport system.

Thus the limiting fuel temperature is 2300°C {allowing a
safety margin), which means the maximum pressure available in
the steam generator is the saturation pressure corresponding
to 250°C, ie, about 4 Mpa(a).

J. Irwin-Childs
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MODULE B.1l
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Course Objectives

The student will be able to:

Briefly explain how reactor channel blockage can be
detected and may be confirmed.

Briefly explain one major problem resulting from channel
blockage. :

Briefly explain why c¢rash cooling is necessary for a
leak which results 1in a very low rate of pressure
decrease in the heat transport system.

Briefly explain how a loss of heat transport coolant may
be detected.

Briefly explain how a small loss of coolant may eventu-~
ally produce fuel failure similar to that expected in a
major LOCA.

Briefly explain the immediate and longer term effects .of
losing feedwater supply to the steam generators.

Briefly explain how the temperature and quality of the
PHT coolant change when bulk boiling occurs.

Explain how the PHT thermosyphon is established and how
the ROH temperature is used as a datum for the control
of the thermosyphon.

November 1981 -1 -
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Enabling Obijectives

The student will be able to:
1. Briefly explain four possible reasons for a high heat

trangport system pressure,

2. Briefly describe two major problems that could result
from a low heat transport system pressure.
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The reactor is the first step in our energy transfer
process to produce electricity. The contreol of the reactor
is extremely complex in that it is so sensitive to changes in
dependant systems, eg, the moderator system, the heat trans-
port system and the steam system., It is virtually impossible
to discuss one system without referring to another.

As a heat source, the reactor system has three inputs:

a} Decay heat from fission products.
b) H.T. pump heat.
c) Fission heat,

When at power the fission heat is, by far, the largest
cf these three terms. At low power, the pump heat becomes
significant.

The only ways that the heat produced within the reactor
can be remcved are by the heat transport system and to a much
lesser degree, by the moderator system.

The main purpose of the heat transport system is to
remove the heat from the three sources that we have already
mentioned, ie, decay and fission heat in the fuel bundles and
the pump heat. At power, this is done with a constant mass
flow of D30.

The main method of removing heat from the heat transport
system is wvia the steam generators. In' the event that the
steam generators are not available to act as a heat sink for
the heat transport system, the reactor is tripped because
there is no backup capable of removing the full locad reactor
power.

When the reactor ig in the shutdown gtate with the heat
transport temperature below about 170°C, the shutdown cooling
system removes the heat produced by the decay of fission pro-
ducts. The heat from the decay of fission products is less
than 6% FLP.

B.l.1l

State the three scurces of heat to the heat transport
system and the two main heat exchanger processes which are
ugsed to remove this heat. Compare your answer with the notes
at the end of the medule.




Before we look at temperature and pressure effects in
the heat transport system, let's have a look at a fuel chan-
nel and examine more closely some of the conditions which
exist, '

Going right back to design consideraticons for the ideal
fuel for the reactor, three of the criteria which we would
like to satisfy are:

a) The fuel should have a good thermal conductivity.

b) The fuel should not react chemically with the heat
transport fluid.

c} The fuel should be dimensionally stable over its
life cycle.

The choice that is to be made is between a metallic fuel
and a ceramic fuel. If a metallic fuel is used, it reacts
readily with hot D30 in the event of a leak in the fuel
sheathing. In addition to this problem, metallic fuel may
experience severe mechanical distortion which results in pre-
mature sheathing failure.

If a ceramic fuel is used, we have very good dimensional
stability but the heat transfer coefficient is significantly
reduced in relative terms because a ceramic is a thermal
insulator. A ceramic¢ does have one benefit, however. It has
a high melting point and the melting point of uranium dioxide
is 2800°C.

The temperature profile of a fuel element may be seen
from the diagram.



125 - B.l1

Calculate the total reactor power. Check the notes at
the end of the module.

* * % k %

We calculated the total channel power using the mass
flowrate and the temperature rise across the channel. In
principle, this was relatively easy to accomplish.

We know that the fuel element sheath has a temperature
limit and that the rationale upon which this limit is based
is the avoidance of excessive fuel temperatures leading to
fuel sheath failure.

How do we know what is happening to the fuel bundles in
a particular channel? How do we know if one bundle is being
overpowered or being subjected to excessive temperatures?
The short answer to both these guestions is that we do not
know directly what is happening with an individual bundle.

We have to look backwards from the channel coolant temp-
eratures to the basics of fuel channel physics to find out
about the individual bundle powers.

The neutron flux distribution along a fuel channel is a
familiar shape. It represents the amount of power being pro-
duced at that point in the channel and we can see that at the
outer sections of the channel, the neutron flux or power lev-
els are lower than in the centre of the channel.
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Qur main concern is that the fuel bundles which occupy
these central positions in the channel are not being subject-
ed to conditions beyond the fuel operating limits.

The basic shape of the flux distribution remains fairly
constant although some changes will occur in shape due to
positions of control and reactivity mechanisms; direction of
fuelling and position of the channel in the core.

In practice, the power distribution along the channel is
also affected by the fuel burnup. The effect of the fuel
burnup is to produce a power distribution curve which is not
the same shape as the flux curve, The major effect of fuel
burnup is ignored in this discussion.

By mathematically calculating the area under the flux
distribution curve, the channel power may be determined and
the power being produced by the fuel bundles in the highest
flux region in the centre of the channel may also be deter-
mined.

We know the nominal operating bundle power limit; at
PNGS-A, it is 636 kW and at BNGS-A, it is 827 kWw. The maxi-
mum or licensed power limit is 705 kW/bundle at PNGS-A. If
any single bundle in the reactor exceeds this value, we have
a problem. The reactor is designed so that the operating
bundle powers normally remain below this quoted wvalue. How-
ever, due to the effects of reactivity mechanisms and fuel
burnup on the power distributicn, fuel bundles may approach
the licensed power limit. 1In this case, the reactor must be
derated to prevent the licensed power limit being exceeded.

In summary, using the flux shape and the maximum values
for bundle power, a particular channel is designed to produce
a maximum amount of power. Knowing the maximum amount of
power and the mass flowrate of the coolant, we could find the
temperature vrise across the channel that represents this
amount of power.

I1f this temperature rise ig exceeded, 1t would suggest
that the channel may be producing more power and in this
event, the fuel bundles in centre channel would be operating
outside design limits,

The increase in fuel channel temperature rise may not be
due to an increase in power.

When we calculated the channel power earlier in the mod-
ule, we used an equation:

Power = Mass Flowrate x Change in Enthalpy.

Let's expand this a little further:
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Power = Mass Flowrate x (Enthalpy oOut - Enthalpy In).

Keep the channel inlet temperature constant. Keep the
channel power constant. The channel mass flowrate now re-
duces due to channel blockage.

Going back to the power equation, let's identify those
quantities which are constant and see what this produces.

Power = Mass Flowrate x (Enthalpy Out - Enthalpy In).

The Power will remain constant.

The Enthalpy of the coclant into the channel will remain
constant.

The change that we now make is to reduce the c¢oolant
flow in the channel.

If the channel power remains constant, the only way that
this can occur is for the reduced coolant flow to pick up the
same amount of heat. 1In doing so, the enthalpy of the cool-
ant out of the channel becomes greater, ie, the temperature
rise across the fuel channel increases,

B.1l.4

In the event that a channel blockage occurs, the enthal-
py of the coolant leaving the channel rises with the channel
power remaining sensibly constant.Explain why the enthalpy of
the coolant leaving the channel rises and explain what indi-
cations would suggest a blocked fuel channel.

B.1l.5

A fuel channel is operating normally with the following
conditions:

Channel outlet temperature 296°C,
Channel outlet pressure 8.47 MPa(a).
(tg) = 299°C.

The fuel channel becomes partially blocked and the chan-~
hel power remains constant, Explain the change in channel
outlet temperature that would occur as the channel outlet
enthalpy rises.

* % * * %
As we have already seen, the channel power with constant

mass flowrate, is proportional to the channel AT, provided no
boiling occurs in the channel.
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If the outlet and inlet temperatures are equal, then
there is no temperature difference and reactor power is
essentially zero. As the power is increased, the channel AT
increases to a maximum at full power.

At PNGS-A, the channel AT at full power is 40°C. At
BNGS-A, the maximum AT occurs in the inner zone and is 53°C
at full power.

There are some significant differences in the method
used to obtain the AT across the fuel channel at PNGS-A and
at BNGS-A.

At PNGS-A, the average primary heat transport tempera-
ture is kept sensibly constant, rigsing from an average value
of 266°C at 0% power to an average value of 269°C at 100%
power.
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From the diagram, we can see that the channel inlet
temperature falls as the channel outlet temperature rises and
the average temperature stays sensibly constant.

B.l‘6

The steam generator and heat transport systems are fully
warmed up with the reactor at the zero power level. What
pressure and temperature would you eXxpect to find in the
steam generator in the PNGS-A example shown ahove?
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B.1.7

In order to transfer heat from the heat transport system
to the steam generator, there has tc be a temperature differ-
ence. How would you expect this temperature difference be-
tween the heat transport system and the steam generator to
change with unit power increasing from 0 - 100% at PNGS-A?

Check your answers with the notes at the end of the mod--
ule.

* * % * *

At BNGS~A, the situation between the heat transport sys-
tem and the steam generator is reversed. The pressure in the
steam generator is kept constant at 4.25 MPa(a) from 0 - 100%
power.

B.l.8

From the information in the previous paragraph relating
tc BNGS-A, what 1is the heat transport average temperature
when the unit is at zero power hot.

B.l.g

How would you expect the heat transport average tempera-
ture (inner zone) to change with power for the BNGS~A illus-
tration. How would this be reflected in terms of the channel
outlet and inlet temperatures? Assume that the channel AT at
full power is 53°C for inner zone.

Heat Transport Pressure Control

The heat transport pressure is extremely sensitive to
changing conditions within the system and has to be control-
led within design limits for safe reactor operation.

There are Dbasically two designs of PHT circuit. The
'solid' system has very little vapour space and the PHT sys-~
tem pressure 1is very sensitive to changes in fluid volume.
This design uses a bleed cooler for controlling the pressure
of the PHT system. s

The second design uses a pressurizer which contains a
large volume of D0 vapour that expands when the liguid wvol-
ume in the PHT decreases and is compressed when liguid volume
increases. This arrangement is very much less sensitive to
the changes in PHT volume when contrelling pressure.

In a 'solid' system, the change of pressure due to the
change of volume, as a result of leakage or temperature, 1is
immediate. In the pressurizer system the rate of change is
very much smaller.
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A high pressure in the heat transport system may cause
over pressure of the heat transport circuit which will result
in a reactor trip to safeguard the heat transport circuit.

At PNGS-A, this final high pressure trip occurs at 9,55
MPa{a) and at BNGS-A, the pressure is 9.66 MPa(a).

The heat transport high pressure may be caused by:

a) A loss of reactor power regqulation as a result of
which the nuclear power now exceeds the heat sink
capabilities.

b) A loss of circulation of the heat transport f£luid
resulting in a loss of heat transport capacity.

c) A loss of heat transport pressure control.

d) A loss of feedwater to the steam generator rapidly
reduces the rate at which heat is removed from the
H.T. system.

e) Total unavailability of steam generator as a heat
sink.

The immediate effect of losing the feedwater is to re-
duce the heat transfer by around 17% due to the loss of
sensible heat required to raise the feedwater temperature
from 175°C to 250°C. As a result, the PHT system temperature
immediately starts to rise and the liquid volume expands.

As the steam generator tubes become uncovered, the
steaming rate decreases because of reduced heat transfer sur-
face area, This situation further accelerates the rise in
the PHT system temperature.

In this situation, the primary heat sink for the reactor
is lost and the reactor must be shut down quickly and placed
on shutdown cooling if massive channel voiding is to be pre-—
vented.

This situation represents a large mismatch in thermal
power. The PHT pressure will rise rapidly up to the satura-
tion pressure and then more slowly as vapour is produced.

* Kk * k %

B.1.10

Explain the immediate and longer term effects of losing
feedwater to the steam generators.

* * % *® X%
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A low pressure in the heat trangport system may be
caused by one of two conditions: :

a) Large mismatch in thermal power with the steam gen-
erator removing more heat than is being produced by
the reactor. This causes the PHT fluid teo reduce
its volume due to the drop in temperature.

b) A loss of coolant from the PHT circuit.

In both cases, the rate of volume reduction may bhe
greater than the make-up from the pressurizing circuit and
the PHT system pressure will fall as a result.

A low pressure in the heat transport system may produce
the following problems:

a) There is a minimum value of pressure for the heat
trangport pump suctions to avoid cavitation. If
this pressure is reached, a reduction in coolant
flow and pump damage will result.

b} As the pressure falls, the heat transport fluid has
more heat than is needed to produce saturated

ligquid at the lower pressure. In this event, the
excess heat is used as latent heat to produce vap-
our. If excessive vapour is produced, then the

heat transfer from the fuel bundles drops dramatic-
ally and fuel sheath failure will occur due to the
rapid rise in fuel temperature,

B.1l.11

State the heat transport pressure which produces a reac-
tor trip at your station.

B.1.12

Explain four significant causes that produce a high heat
transport system pregsure and two major problems that could
result from a low heat transport systitem presgsure.

The control of pressure in the heat transport system
depends upon how the average heat transport system tempera-
ture is changing together with the effect of any additions or
subtractions of coolant from the heat transport system.
Needless to say, the systems at each station are different!
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PNGS-A

At PNGS-A, the major benefit of having the heat trans-
port average temperature sensibly constant is that there are
no great changes in heat trangport volume due to temperature
effects, In addition, the reactor is designed to have no
boiling occur in the fuel channels.

Under normal operation, the pressure variations are rel-
atively small and are accommodated using a feed and bleed
system.

Bleed flow is taken from the heat transport pump suction

headers. This flow tends to reduce the heat transport
pressure. Pressurizing pumps return the feed to the heat
transport system, thus tending to raise the pressure. The

shrink and swell effects of the heat transport system are
accommodated by the D0 storage tank, which also provides the
suction for the heat transport pressurizing pumps. Under
steady state conditions, there is a balance between the feed
and bleed to provide constant pressure.

The pressure relief valves release heat transport D30
into the bleed condenser. The first wvalve opens at 9,1
MPa(a) and the rest at 9.55 MPa(a).

In the event of a problem with the bleed condenser that
results in high pressure, a relief valve is installed which
operates at 8.7 MPa(a) and causes heat transport D30 to be
discharged to the boiler rocom.

BNGS-A

At BNGS~A, there is a considerable rise in the average
heat transport temperature for the whole reactor, from 254°C
to around 281°C. This temperature rise will result in an
increase of heat transport D0 volume of approximately 5%.
This increase in volume amounts to approximately 17 m?,

The changes of volume that occur in the heat transport

system with power are much larger than at PNGS-A and the
technique used to maintain heat transport system pressure
control is different.
The pressure control is affected by a pressurizer which
acts as a cushion on the heat transport system and absorbs
pressure transients. It is similar to a conventional steam
drum, having a steam space and a liquid level.

The pressurizer has sufficient capacity to keep the heat
transport pressure within the predetermined limits for any
normal reactor power manoeuvring.



The heat transport system pressure is determined by the
vapour pressure that exists in the pressurizer. If the heat
transport pressure rises, steam bleed valves open on the
pressurizer to relieve the vapour pressure and thereby reduce
the heat transport pressure. The steam from the pressurizer
is fed into the bleed condenser.

In the event of a low heat transport pressure, there
will be a correspondingly low vapour pressure in the pressur-
izer. In this case, there are electric heaters which heat
the D30 and produce steam in the pressurizer which increases
the pressure in the pressurizer and heat transport system.

In the event of a high heat transport pressure, the lig-
uid relief valves will open and discharge into the bleed con-
denser. The relief pressure is 9.55 MPaf(a). The reactor
high pressure trip is set at 2.66 MPa(a).

B.1.13

Briefly explain how the heat transport system volume
changes, when hot, from 0% to 100% power level at PNGS~A and
BNGS-A.

B.l.14

Briefly explain how the heat transport system pressure
is controlled at power at PNGS~A and BNGS-A.

Check your answers with the notes at the end of the mod-

ule.
* % h k %

A loss of pressure control of the heat transport system
is undesirable for obvious reasons. One of the possible in-
dications of high pressure is a rising level in the pressur-
izer at Bruce and the BRleed condenser at Pickering. This may
be due to a reduction of steam flow from the steam generator
which causes the PHT temperature to rise,

For whatever reasons, the heat transport fluid is expan-
ding at a greater rate than the control system can handle.
The solution to the problem is to reduce the average heat
transport temperature so that the volume reduces. The con-
trol action on high level in the pressurizer or bleed conden-
ser is a reactor setback. The reactor setback reduces therm-
al power and restores the match between the thermal power
produced by the reactor and the thermal power removed from
the steam generator. As the reactor power is reduced, the
PHT temperature falls and the volume of the PHT system is
reduced.




This problem is compounded at PNGS-A by the fact that
the vapour space in bleed condenser is relatively small and
will quickly be used up when the heat transport fluid

expands. If the bleed condenser goes "solid", the pressure
will rise rapidly. This creates a real risk of rupturing the
bleed condenser and creating a major LOCA. This event isg

avoided by the use of pressure relief wvalves on the condens-
er.,

B.1l.15

Explain the significance of a high level in the pressur-
izer at BNGS-A or the Bleed condenser at BNGS~A and explain
the result of the high level from the reactor control pro-
gram.

B.1.16

A high level in the pressurizer at BNGS-A and a high
level in the bleed condenser at PNGS-A is moving towards the
setback value. Is there any action that the operator could
take to try to control this condition before a programmed
reactor setback or a high H.T. pressure trip occurs? Briefly
discuss the major effect of any action you suggest.

* * A * %

Pressure Reduction in Heat Transport System

We have looked at the protection that is designed to
accommodate high pressures in the heat transport system.

Low pressures in the heat transport system are indica-
tive of three possible situations:

a) Large mismatch in thermal power between the reactor
and the steam generator, eg, the inadvertent open-
ing of a large steam reject/discharge valve.

b) A faulty control system which reduces the ability
to control heat transport system pressure.

¢} LOCA
Suppose the heat transport system was pressurized at
8.00 MPal{a) and the heat transport temperature at this pres-~

sure point was 270°C.

How would the condition be shown on a temperature/en-
thalpy diagram.
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B.1.17

Sketch a temperature/enthalpy diagram to show heat
transport fluid at 270°C and 8,00 MPa{a). What is the state
of the heat transport fluid? {Use Hp0 steam tables.)

Check your answer with the notes at the end of the mod-

ule.
* % % * %

Suppose we start to reduce the heat transport pressure
by bleeding off some liquid whilst the temperature remains at
270°C.

B.1l.18

Explain what happens when the heat transport pressure
reaches and then falls below 5.5 MPa{a) when the temperature
of the Dp0 is 270°C. '

* % % * *

The effect of producing a large quantity vapour in the
heat transport system such as occurs in a LOCA, produces
several problems.

There is a significant rise in the volume of the heat
transport fluid due to the much larger vapour volume produced
from the relatively low ligquid volume.

The vapour, being much less dense, does not absorb as
many heutrons as the liquid and this produces the effect of
increasing reactivity. ‘

The most serious effect is on the heat transfer mechan-
ism that exists at the fuel bundle. In the channel, the
voiding or production of vapour starts where the temperature
of the fluid is highest and the pressure is lowest. In prin-
ciple, the lowest pressure occurs in the centre of the chan-
nel because that is where the flow is highest.

The highest temperatures exist at the fuel bundle shea-
thing as far as the heat transport fluid is concerned. The
normal method of heat removal is by forced convection where
the liquid swirls past the bundles and becomes heated.

Nucleate boiling increases heat transfer but in nucleate
boiling, the liguid remains in contact with the fuel.

The effect of voiding prevents the liquid coming into
contact with the fuel bundle due to the vapour being produc-
ed.
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The only mechanism by which heat can be transferred at
this state is by conduction through the vapour. Unfortunate-
ly, the thermal conductivity of vapour is extremely low.

The effect of this reduced heat transfer causes the tem-
perature of the fuel elements to rise so that heat is now
being transferred by conduction initially and thermal radia-
tion through the wvapour as the fuel sheath temperatures
become higher.

The major problem is that in this situation, the fuel
sheath temperature starts to rise from arocund 350 - 400°C
towards the fuel temperature of around 2300°C. Zircalloy 4
has a melting point of around 1800°C which means that the
fuel is quite capable of melting the sheathing.

Long befeore the melting point is reached, sheath failure
will occur; probably in the range 800 - 1100°C, and release
of fission products into the heat transport circuit will
result.

The failure mechanism is accelerated by the release of
fission product gases from the fuel grain boundaries at the
higher temperatures which create a high pressure inside the
fuel sheath.

B.1.19

Explain why uncontrolled coolant voiding is undesirable
in the reactor.

* * Kk Kk ®

Voiding of the fuel channel may also occur when the
channel flow is reduced. If this only applies to a single
channel as would occur due to channel blockage, then the low
flow trip will not be effective. If the channel does not
have flow monitoring, then there will be no direct indication
of reduced flowrate. The only indication will be a channel
outlet high temperature alarm.

If voiding of all the fuel channels has occurred due to
overall low coolant flow, then the flow monitored channels
will produce a reactor trip on low coolant flow.

A second possible cause for the voiding effect is a fal-
ling heat transport system pressure, A low pressure alarm
alerts the control room operator so that remedial action may
be taken.
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The values of low pressure alarm are:

PNGS=-A 8.5 MPaf{a)
BNGS~-A 8.92 MPafla)

Bulk Boiling

Bulk boiling may be designed to occur in the final sec-
tion of the fuel channel when at full power. In this situa-
tion, conditions will change at the channel outlet header as
the reactor power is increased.

The channel AT will increase with power until the satur-
ation temperature for the, PHT pressure is reached. At this
point, the D30 will start to beil, initially at the outlet
header, and the temperature will now stay constant at the
channel ocutlet. As the channel produces further power, the
temperature will not rise but more vapour will be produced
progressing towards the channel inlet as the power is further
increased, If 10% boiling was designed to occur, then the
fluid leaving the channel would be a mixture of 10% vapour
and 90% liquid by weight.

This ratio would be very different by volume, 63% vapour
and 37% liquid. Once the temperature reaches the saturation
‘value, the only change with power will be the % of vapour
leaving the channel.

In this condition of bulk boiling, it is almost impos-
sible to tell what the vapour fraction actually is and decid-
ing whether a channel blockage exists 1is a whole new ball
game.

One change in flow conditions that will occur with bulk
boiling is the mass flowrate, as a rule-of-thumb this will
decrease, for the same power, by the % increase in vapour,
ie, 20% vapour -— B8B0% original flowrate. This decrease is
due to the increased enthalpy of the vapour liguid mixture.

* * * K %

B,1.20

Briefly explain how the PHT temperature and coolant
quality change as increasing reactor power produces bulk
boiling.

Loss of Cooclant Accident (LOCA)

In this situation, the prime concern in that the reactor
should be shutdown safely. This means the provision of cool-
ing for the fuel at all times.
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We could define a LOCA as a condition where the loss of
coolant was at such a rate that the ability to maintain heat
transport system pressure was lost.

At either end of the scale, the two extremes are:

A Massive rupture of heat transport circuit where the
pressure is lost almost immediately, and

A Smaller loss rate where the heat transport system
pressure ig falling gradually.

Small LOCA

In this situation the pressurizing system should be able
to maintain pressure in the PHT. If the pressurizing system
is unable to maintain pressure, the pressure in the heat
transport system will £fall gradually until the saturation
pressure is reached. At this point, bulk boiling in the
channel occurs and rate of pressure decrease is reduced or
even halted.

The problem is now that the pressure transient will sta-
bilize and the fuel sheath will become damaged due to the
loss of heat transfer resulting from the steam which blankets
the bundle. This happens in a very short time; a few min-
utes from the commencement of bulk boiling.

The scolution to this problem is to remove the heat from
the reactor at a greater rate. This can be done in a "crash-
cool" exercise by opening up the steam reject/discharge val-
vegs. This has the effect of cooling the heat transgport fluid
rapidly and minimizing the vapour formation.

The pressure and temperature in the heat transport sys-
tem will fall rapidly tc the lower pressure at which Emergen-
cy Injection can begin.

Major LOCA

In a loss of c¢oolant condition where the breach in
containment is masgive, the drop in both temperature and
pressure will be very rapid. Consequently, the system will
have already been "crash-cooled" by the massive leak and
Emergency Core Injection may begin. :

Emergency Core Injection System.

The emergency core injection system is designed to re-
move the fission product decay heat from the fuel following a
LOCA. The reactor power drops from 100% to arcund 6% bLhefore
the injection occurs. The 6% full reactor power represents
the initial decay heat from the fission products.
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At PNGS-A, the injection into the reactor core uses the
moderator system and so injection can only occur when the
heat transport system pressure has fallen below the moderator
pump discharge pressure.

At BNGS-A, light water is used on a gravity feed circuit
from a dousing tank housed in the top of the vacuum building.
In this case, the heat transport pressure must fall below the
static head of the dousing tank before injection can take
place.

In both stations, the injected fluid discharges via the
rupture to the vaults and boiler room sumps or the fuelling
machine duct and is recovered and pumped back into the reac-
tor., Obviously at BNGS-A, there is no highly tritiated mod-
erator D20 contaminating the station which is an advantage.

Indications of Loss of Coolant

At both PNGS-A and BNGS-A, the heat transport D0 stor-
age tank accommodates the changing volume of the heat tran-
sport fluid. A low level alarm alerts the operator to the
fact that there may be a problem, even if the problem is
merely due to not having changed the level set point when
power manceuvring.

A loss of heat transport system pressure may be a first
indication of loss of cooclant.

If the D0 is leaking into the boiler room, a boiler
room high pressure trip may result. Beetle alarms would con-
firm this leakage. (Note a steam leak would produce similar
results.)

If the loss of coolant resulted in voiding in the fuel
channel due to low pressure, then the resultant positive
reactivity may produce Hi Linear Rate Trip, Hi Log Rate Trip,
Hi Power Trip on the reactor.

B.1l.21

Explain two conditions which would result in channel

voiding.

B.1l.22

Explain how a loss of heat transport coolant may be
detected.
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B.1.23

Explain the effect of a Loss of Coolant on the heat
transport system that is large enough to cause a loss of heat
transport pressure. Describe the basic steps leading to
emergency core injection.
B.1.24

How does a massive rupture in the heat transport system
affect the rationale explained in B.,1.217
B.ll25

Explain the basic emergency core injection system at

PNGS-A and BNGS-A.

Heat Transport Thermosyphon

As fluids are heated they become less dense and equally,
as they are cocled, they become heavier. By carefully selec-
ting the elevations of the reactor and the steam generators,
the thermosyphon may be established.

The hot D0 leaves the outlet headers and is physically
pumped up to the steam generator where it travels up one side
and returns as cooler fluid, down the other side of the tube
nest, back to the reactor via the PHT pump.

Under the correct conditions, +the flow as described
previously, will occur without the pumps due to the natural
convection caused by the temperature differences within the
Dzo-

The thermosyphon can only exist all the time that the
steam generator is at a lower temperature than the PHT cir-
cuit and that there 1s noc vapour or gas in the PHT circuit
which would collect at the top of the tubes 1in the steam
generator.

The temperature at reactor outlet is used to control the

thermosyphon. If the PHT temperature is rising towards the
saturation value, vapour may be produced which would prevent
the thermosyphon continuing. More heat must be removed from

the PHT system and this 1is achieved by lowering the tempera-
ture of the steam generator by removing more steam and there-
by lowering the pressure. It maybe possible to raise the PHT
system pressure to a value above the saturation valus.
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If non-~condensible gases collect in the steam generator
tubes, the thermosyphon will stop and reactor cooling will be
lost and the reactor temperature will start to rise and other
heat sinks must be used.

k ¥ % * *

B.1.26

Briefly explain how the PHT thermosyphon is established
and how ROH temperature is used as a datum for the control of
the thermosyphon.

You have almost finished this program.  Look at the
objectives and if you feel you are ready for the criterion
test, obtain the test from the Course/Shift Manager.

* * * % %
When you have completed the test, compare your answers
with the self evaluation sheet.
* * %k Kk K
After you have been signed off by the Course Manager,
please take time to complete the course evaluation form and

let us know what we can do to make this course more suited to
your needs, in format and content.



Answers

MODULE B.1l

REACTOR

The three sources of heat for the reactor are:

a) Fission heat from the fuel.

b} Heat from the decay of fission products.

c) Heat produced by the operation of the H.T.
pump .

Under power operating conditions, the heat generated by
fission within the fuel is by far, the largest of these heat
sources. The heat removed by the flow of the heat transport
fluid is exchanged in the steam generator.

In a shutdown condition, the quantities of heat produced
are relatively small, (less than 6% of full locad power) and
are handled by the shutdown cooling system.

B0102

As explained in the notes, the heat output from the
fuel channel may be expressed as = hAAT

where 6 is the rate of heat transferred.
h is the heat transfer coefficient which does not
alter significantly.
A is the area for heat transfer which is fixed.

The only variable on the right-hand side of the equation
is AT which is the temperature dJdifference bhetween the hot
surface and the coolant,

Thus, if 5 doubles, then AT must double.

We can see this on raising a reactor from 50% power teo
100% power. If at 50% power, the channel AT is 20°C, doub-
ling the reactor power to 100% will raise the channel &T to
40°C, provided no bulk boiling occurs.
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For most changes'in power, the temperature difference
varies directly as the power.

B.1,3

The change in enthalpy across the channel is
Bf3pp = P25
= 1297 -~ 1051

= 246 kJ/kg

The channel mass flowrate is 24 kg/s.
Channel Power = Mass Flowrate X Change in Enthalpy

kJ/s = kW = kg/s x kJ/kg

= 24 X 246

= 5904 kW {thermal)

Total power from 420 channels
= 420 x 5904

= 2479680 kWip,

Total reactor power 2480 MW¢p-

This compares with total reactor power at PNGS-A of 1665
MWyn and at Bruce of 2392 MWip.

B.l.4

From the text, we saw that channel power was determined
by the f pwrate and the change of enthalpy across the chan-
nel, ie, = m x Change of Enthalpy

where 5 is the channel power, and

m is the channel mass flowrate

- 25 -
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The channel power remains constant and the channel flow-
rate decreases. In thils event, the change in enthalpy must
increase 1n direct proportion with the falling flowrate.

6 = M X Change of Enthalpy

The change in enthalpy is the difference between channel
outletr enthalpy and channel inlet enthalpy. However, the
channel inlet enthalpy remains constant. Thus, the only way
that the change of enthalpy across the channel can rise, is
for the channel exit enthalpy to rise. In other words, the
only variables were the flowrate which was decreasing, and
the exit enthalpy which had to increase in direct proportion
to maintain constant channel power.

One of the first indications of channel blockage would
be a rise in the channel outlet temperature. This assumes
that no channel voiding is going to occur.

It may be possible to monitor the pressure at either end
of the fuel channel using the fuelling machines. The pres-
sure drop is due to that of the fuel plus blockage. This may
be compared with similar channels or previous readings.

B.1l.5

As explained in the previous question, the temperature
will start to rise until it reaches 299°C which is the satur-
ation temperature corresponding to 8.47 MPa(a). At this
point, a change of state occurs and the liquid is being turn-
ed into vapour within the channel and voiding of the channel
is taking place but the temperature will not rise above
299°C,

Suppose the channel had been operating with a designed

10% boiling - how would you know if there was a channel
blockage?!

B.1.6

At zero power, the steam generator temperature, channel
inlet and outlet temperatures, would ail be equal at 266°C.
The saturation pressure corresponding to 266°C is 5.17
MPa(a). This is the pressure which would exist in the steam
generator at this temperature.
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In this case, the heat transport average temperature is
almost constant. At zero power but at operating conditions,

the steam generator temperature will be equal to the average
heat transport temperature.

To transfer thermal energy to the steam generator, a
temperature difference must exist,. The only way that this
can happen is for the steam generator temperature to fall
with increasing power. It cannot rise because the reactor is
the heat source, not the steam generator. The temperature in
the steam generator will always be less than the average heat
transport temperature when at power,
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The thermal reactor power is around 1665 MW at PNGS-A
and this energy is transferred in the steam generator with a
maximum temperature difference between boiler inlet and

boiler outlet of 40°C - same as the channel AT because
channel outlet = boiler inlet and boiler ocutlet = channel
inlet.
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As the temperature in the steam generator falls from
266°C to 250°C, the pressure falls from 5.17 MPa(a) to around
4 MPa(a). This falling pressure of steam flow is entered
into the boiler pressure control program.
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B.1.8

At zero power when the steam generator and reactor are
at operating temperature, the average heat transport tempera-
ture and the steam generator temperature will be sensibly
equal. If the steam generator pressure is 4,25 MPa(a), then
the temperature is 254°C. At this condition, the heat tran-
sport average temperature is also at 254°C.

B.l.g

At BNGS-A, the steam generator temperature is going to
remain constant between 0% and 100% full power. In order to
transfer the heat to the steam generator, there must be a
temperature difference between the heat transport fluid and
the steam generator. 1In addition, the average temperature of
the heat transport fluid must be higher than that of the
steam generator, This is shown in the diagram where the
average heat transport temperature leaves the steai: tempera-
ture at 254°C and rises to a higher value around 27/%C. The



important point to note is that the average H.T. temperature
riges - you couldn't determine that the H.T. temperature was
This is complicated by the arrangement of inner/outer

277°C.
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zones with the heat transport precoolers.
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These figures have been simplified to show the trends,
The design channel inlet temperature for the inner zone is
250.5°C and 265°C for the outer =zone. At full power, the
design channel outlet temperature is 304°C. These values
have been modified to operate the reactor with no boiling in
the channels.

B.1,10

Feedwater 1is heated 1in two stages in the steam
generator. Initially, the temperature is raised from
around 175°C to 250°C as sensible heat is being added.
Secondly, the liquid is turned into vapour as the latent
heat of vapourization is added.

The immediate effect of losing feedwater to the steam
generator is a reduction of heat transfer capacity, around
17¢, due to the sensible heat which is no 1longer being
removed. At this point, thermal inequilibrium occurs and the
PHT average temperature starts to rise.

As the level in the steam generator falls below the top
of the tube bundle, heat transfer is further reduced due to
the reduce heat transfer surface area available and the PHT
system average temperature rises faster than before.

These conditions may both result in a massive thermal
power mismatch as a result of having lost the major heat
sink.

B.l.1l1

At PNGS-A, the high pressure trip on the heat transport
system occurs at 9.55 MPa({a).

At BNGS-A, the heat transport high pressure trip occurs
at 9.66 MPa(a).

B.l.12

A high pressure in the heat transport system will norm-
ally result from a high temperature, This condition will
arise when there is an imbalance in the rate at which heat is
being produced by the reactor and the rate at which heat is
rejected in the steam generator. More specifically, if the
temperature is rising in the heat transport system, it is
because the steam generater is not removing heat from the
heat transport system at the same rate. This situation may
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arise in the event of loss of feedwater to the steam genera-
tor when the rate of heat transfer will rapidly reduce and
result in an increased H.T. temperature and pressure,

This may occur if the reactor power exceeds the heat
capacity of the steam generator. Such a condition may arise
due to a loss of reactor power regulation. In this case, the
heat transport flowrate 1is unchanged but the total heat has
increased beyond the capacity of the steam generator and re-
gsults in an increase of heat transport temperature and pres~
sure.

A loss of H.T. pressure control may also result in a
high pressure in the H,T. system.

The steam generator is unable to act as an effective
heat sink if the heat transport flowrate decreases. In this
situation, the reactor power has to be removed by a reduced
mass flow which means that the heat transport averages temp-
erature and therefore, pressure rises.

The two major problems of a low heat transport pressure
concern the effect that vapour production within the D30 has
on (a) Heat Transport Pumps, and (b) Fuel in the Channel.

To avoid cavitation in the heat transport pumps, there
is a minimum suction pressure below which the heat transport
pressure should not fall. This value of suction pressure
depends upen the temperature of the heat transport D)O0. 1f
cavitation does occur, pump damage may result. In addition
to this effect, the flow through the pump will be reduced and
this could result in an increase in heat transport tempera-
ture due to the reduction of flow through the reactor.

If the heat transport pressure drops to the saturation
pressure corresponding to the heat transport temperature,
vapoutr will be produced in the fuel channel. If large scale
voiding occurs, this will drastically reduce the heat trans-
fer from the fuel to the D0. The result will be a rapid
increase in fuel and sheath temperatures which will produce
fuel sheath failure and fuel damage if not prevented.

B.1.13

At PNGS-A, the reactor design was such that the volume
of the primary heat transport system should remain sensibly
constant over the whole reactor power range. The average
heat transport temperature only changes by 3°C, from 266°C at
0% to 269°C at 100% power. This change in average tempera-
ture of 3°C means that the change in fluid volume 1is less
than 1%. Boiling in the fuel channels is not a designed fea-
ture at PNGS-A.
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At BNGS-A, there are two major differences when compared
to PNGS-A:

aj the average heat transport temperature rises by
some 27°C.

b} boiling was designed to occur in the fuel channels,
but operating limitations have resulted in reactor
operation with no channel boiling.

There is a significant increase in heat transport volume
as the power is increased from 0% to 100%. The increase in
volume amounts to 17 m3,

B.1.14

As we have already seen, the volumetric expansion of the
heat transport system at PNGS-A, when at power, 1is not very
large.

Control of the heat transport system pressure is effect-
ed by feeding D30 into the heat transport circuit using the
pressurizing pumps and by bleeding D50 from the circuit at
the heat transport pump suction headers. The shrink and
swell of the heat transport system is accommodated by the D30
storage tank.

If low pressure exists in the heat transport circuit,
the bleed valves will close and, conversely, if high pressure
exists, the bleed valves will open to reduce the system pres-
sure to the programmed value.

At BNGS-A, the change in heat transport volume with pow-~
er 1is much larger than at PNGS-A and exceeds the rates of
change which could be handled easily with a feed and bleed
system alone,

The heat transport system is connected to a pressurizer
which is partially full of D70 liquid. The pressurizer acts
as a receiver for the D70 resulting from the heat transport
swell and also acts as a pressure control device, The vapour
space is compressible and acts as a cushion for any pressure
fluctuations.

If the heat transport pressure is high, the steam bhleed
valves on the pressurizer opens to reduce the system pres-—
sure, If the system pressure is falling, electric heaters in
the pressurizer raise the pressure in the vapour space and
increase the heat transport pressure.
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Bnlnls

At both PNGS-A and BNGS-A, a high level in the wvessel
controlling reactor pressure 1is taken as an indication of
loss of ability to control the heat transport pressure,

The heat transport system is expanding at a greater rate
than can be handled by the pressure control circuit.

In the short term, the only way that the heat transport
system volume can contract instead of expand is as a result
of the temperature being reduced, either by increased steam
flow or a reduction in reactor power.

At PNGS-A, a high level in the bleed condenser will in-
itiate a reactor setback. A major problem with the bleed
condenser is that as soon as the vapour space disappears, the
condenser will go solid. At this point, the pressure will
rise rapidly and there is a danger of rupturing the bleed
condenser., Bleed condenser relief valves discharge into the
boiler room to prevent the rupture of the condenser.

At BNGS~A, the inability to control reactor heat tran-
sport pressure as seen by a high level in the pressurlzer,
also results in a reactor setback.

B.1.16

As discussed in the previous guestion, the rise in level
in the pressure controlling vessel is the result of an in-
equilibrium between the expansion rate of the heat transport
fluid and the bleeding rate of the pressure control system,

We can restore this equilibrium by reducing the tempera-
ture of the heat transport system, This may be done by two
methods:

a) removing more heat from the heat transport fluid.
b) producing less heat in the reactor.

If the turbine is at full load, steam may be rejected
from the system via the steam reject valves or the steam dis-
charge valves. This action will produce a significant
increase in the heat sink capacity to the reactor and quickly
reduce heat transport temperature.

A reduction in reactor power will produce the same
effect. The time taken will depend upon the setback rate
that is input., This is the normal reaction.
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The effect of opening a large steam valve will cause the
heat transport fluid to shrink at a greater rate than can be
matched by the heat transport pressure control system and the
temperature will fall., As soon as the pressure reaches the
saturation value, the heat transport system wlll start to
beoil and cause voiding in the fuel channel.

The operator must closely watch that the heat transport
pressure does not reach the saturation pressure if channel
voiding is not to occur.

SATURAT!ON PRESSURE VS, -

SATU RAT ION TEMPERATURE

Prassurs,
MPala)

100 120 . 140 160 180 200 220 240 260 280 300
Temperature, °C

The graph of saturation pressure/temperature is useful
to compare actual heat transport pressure with the saturation
pressure corresponding to the H.T. temperature, The actual
H.T. pressure should always be higher than the saturation
Pressure.
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B.1.17

Temperoture,
°c
8.00 MPala)

295 = e

270] o e s

Enthalpy, J/kg

At 8.0 MPa{a) from steam tables, the saturation pressure
is 295°C. The actual temperature of the heat transport
liquid is 270°C which means that it is subcooled by 25°C.

B.1.18

When the pressure has fallen to 5.5 MPa(a), the corres-
ponding saturation temperature is 270°C, This is also the
actual temperature of the liquid. Any further reduction in
pressure will result in bulk boiling as the enthalpy, which
is in excess of that needed for saturated liquid, supplies
the latent heat of vapourization for vapour production.
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Temperature,
)

C

5.5 MPalo)

270

Entholpy, J/kg

The enthalpy of the fluid does not change. At point A,
there is saturated liquid at a pressure of 5.5 MPa(a). If
the pressure was to fall to a lower value, there would be a
two-phase fluid. These two phases would be:

1. saturated liquid at point B.

2. vapour dgenerated with the enthalpy B-C. You can
see that for saturated liquid, the enthalpy at B is
less than that at A.

B.1.19

The main concern with channel voiding is the loss of
heat transfer that occurs due to the poor heat transfer
through the D,0 vapour compared with the heat transfer to the
liguid.

Although =zircalley 4 has a melting point of around
1800°C, sheath failure 1is -:likely to occur between 800 -~
1100°C.

Loss of fuel containment and the release of fission
products are major considerations that depend upon the
integrity of the fuel sheath.
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The fuel temperature at the centre of the pencil is
around 2300°C and the melting point is around 2800°C. A loss
of cooling as occurs when the channel is voided, could result
in a fuel meltdown if no action was taken.

B.llzo

When the liquid coolant has reached the saturation tem-
perature and vapour is about to be produced, the temperature
rise will stop. From this point on, we have little 1dea of
what 1s actually happening in the c¢hannel with respect to
boiling, There may be 8% or 80% vapour being produced.

As power 1is increased, more vapour is produced at con-
stant temperature. The channel AT is no longer an indication
of channel power.

B. ll 21

The two basic conditions which will result in channel
voiding are:

a) a reduction of ccolant flow.
b} a loss of heat transport system pressure,

As the coolant flow is reduced, the temperature has to
rise in proportion to the loss of flow so that the same gquan-
tity of heat is removed. As soon as the temperature of the
coolant reaches the saturation temperature, vapour generation
begins and channel voiding occurs. Once wvapour production
starts, the coolant temperature réemains constant,

If the pressure falls to the saturation pressure corres-~
ponding to the temperature of the heat transport coolant,
vapeour production will begin and again, channel voiding will
result, The production of large volumes of vapour has the
effect of reducing or even arresting the rate of pressure
reduction. This is a dangerous condition because once this
has happened, the channel wvoiding is established and fuel
overheating has commenced,

B.1.22

The loss of coolant may still be contained within the
system, eg, the D,0 may be leaking into the boiler or the
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loss of coolant may be leaving the system due to leak in the
circuit. '

A low level in the D0 storage tank may be an indication
of loss of coolant from the heat transport system.

A loss of heat transport pressure may also be an indic-
ation.

If the leakage is external and large as in a LOCA as
opposed to a leak, high boiler room pressure trip and Beetle
alarm would indicate leakage of D0 or steam,

Blll23

If the leak is large enough that the heat transport sys-
tem pressure starts to fall, then channel voiding will occur
at the saturation pressure. At this point, the rate of pres-
sure decrease will reduce and the rate may even be zero as
vapour is produced in the channel,

Also, at this point channel, voiding is established and
fuel heat transfer is dramatically reduced.

The objective is to re-establish fuel cooling as soon as
possible which means that liquid must rewet the fuel bundles.

The reactor is crash cooled using the steam reject/dis-
charge valves., This exercise reduces the heat transport sys-
tem pressure and temperature in a few mihutes.

As soon as heat transport pressure falls low enough,
emergency injection can commence.. This provides another-
source of coolant if there is not enough heat transport D0
left in the c¢ircuit to maintain cooling.

B.l.24

The basic difference between a large leak and a massive
loss of coolant is the time taken for the system pressure to
fall. 1In a large leak situation with crash cooling, the time
scale is in the order of minutes. With a massive loss of
coolant, the crash cool exercise and loss of pressure have
virtually occurred simultaneously. As a result, emergency
core injection can begin immediately. This reduces the time
between the loss of pressure when wvoiding of the channel
occurred and the point when emergency ceore injection commenc-
ed., Whether the injection will keep the fuel eocl encugh to
prevent sheath failure 1is an extremely complex problem
depending on the physical position of the rupture, size of
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the system break, operating condition of the reactor prior to
the loss of coolant, etc. It is difficult to state with any
accuracy, the degrees of success that will result in a given
set of circumstances,

What we can say is that whatever else may occur in any
postulated reactor condition, the fuel will not become unsafe
due to loss of coolant,

B,1.25

At PNGS-A, the emergency injection system uses moderator
D>0. Consequently, injection cannot occur until the heat
transport pressure has fallen below the moderator pump dis-
charge pressure,

At BNGS-A, the emergency injection is by gravity feed
from a dousing tank in the top of the vacuum building. The
injection cannot occur until the heat transport pressure
drops below the static head of the tank, -

A pressurized tank is currently being installed at
BNGS-A to speed up the emergency core injection process,

B.1.26

The primary heat sink, which is the steam generator, is
physically higher than the reactor. The less dense D0 will
rise up to the steam generator whilst the D70 that is cooled
in the steam generator, will become more dense and fall to
the suction of the PHT pump.

This condition will prevail with no pumps running,
provided that the thermosyphon is not lost. The thermosyphon
may be lost if vapour or gases collect in the top of the
tubes in the steam generator.

The ROH temperature is monitored to ensure that it does
not reach the saturation value when vapour would be
produced. ROH temperature 1is also used to ensure that
sufficient temperature difference exists between the steam
generator and the reactor. This condition can be ensured by
lowering the steam generator ©pressure and hence the
temperature. '

J., Irwin-Childs
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Self Evaluation

MODULE B.#$§

BASICS

1. Define the following terms:

(a)

(b)

Temperature =- "A measure of the quality of heat
that a body possesses" = "A measure of the degree
of hotness a body possesses",

Your definition should make certain that you are
defining the quality of heat and not the quantity.

Heat - "A quantity of energy that a substance
possesses due to its temperature, specific heat and
mass."

2. In explaining the meaning of the following terms you
should cover the points detailed:

(a)

(b}

(c)

(d)

{e)

Saturation temperature - 1is the temperature at
which the change of state from liguid to vapour
occurs and it depends upon the pressure of the
fluid.

Sensible Heat - is the heat which is needed to
ralse the liquid temperature from 0°C to the satur-
ation temperature. You could alsc describe sengi-
ble heat as the heat which when added to the liguid
will cause a temperature rise.

Latent Heat of Vapourization - is the energy which
1s required to change the state of the fluid from
liquid to vapour. Whilst this heat is being added
the £luid temperature remainsg constant.

Subcooled Liquid -~ describes any liquid which
exlsts below the saturation temperature for the
pressure of the liquid. It is liquid which has not
received all its sens1b1e heat.

Saturated Liquid - describes a specific condition,
le, when the liguid has received all its sensible
heat and has therefore reached the saturation temp-
erature. Any further addition of heat will cause a
change of state in which the ligquid is changed 1nto
vapour.

November 1981 ' -1-
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({f) Wet Steam - describes the region between the two
extremes of saturation. At one end with minimal
enthalpy is the saturated liquid. As the enthalpy
is increased vapour is generated. As the enthalpy
of the fluid is further increased the ratio of
vapour/liquid increases as more liquid is used to
generate steam until finally there is no 1liquid
remaining and there is 100% steam still at the
saturation temperature. Wet steam describes the
condition anywhere between these two limits.

(g} Saturated Steam ~ is steam which has received all
1ts latent heat and is still at the saturation
temperature, It contains no ligqguid and is some-
times referred to as 'dry steam'.

" (h) Superheated Steam - This steam is now behaving more
like a gas and exists at a temperature above the
saturation temperature and therefore cannot possi-
bly have any molsture content.

3. Your graph should look similar to this one:

Saturated

Liguid Superheated
Steam

empetr e

Temperaiure, . Weit

Qc Sensible Steam
[ Heal T :
N T = ' JKSc!uruied
.L_—.—-Lotenl Heat - Steam

/ Subcooled
Liquid

Enthalpy, J/kg
Fig. 6.3
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{a) Conduction - heat transfer from molecule to mole-
cule 1in a substance, with no transfer of mass in-
volved. An example is the heat transfer through
the tubes of a feedheater from the extraction steam
side to the feedwater side.

(b) Natural Convection - heat transfer due to fluid
movement, when the fluid movement 1s because of
density differences that occur in the fluid as heat
is transferred. An example is the circulation of
cooling o0il in a transformer.

{c) Forced Convection - heat transfer due to fluid
movement, when the £luid movement is due to pres-
sure difference c¢reated by pumps, fans, etc. An
example is the primary heat transport D50 flowing
past the fuel in the reactor, picking up heat and
carrying it to the boiler.

(d) Radiation - heat transfer from a high temperature

' substance by emission of radiant energy. An
example is the heat emitted by a quartz element
radiant heater,

The compression process is a rapid event and produces
extreme turbulence of the gas which results in the in-
crease in temperature. The volume of the gas increases
due to the higher temperature. The volume of the gas is
reduced using an aftercooler so that either more gas may
be stored in the receiver or a smaller receiver may be
used for the same mass of gas.

Raising the temperature of a closed volume of gas raises
its pressure. In the cover gas system, the pressure

kept constant at some value just above atmospheric pres-
sure to prevent air in leakage. If the moderator temp-
erature rises, the cover gas temperature will rise caus-
ing the pressure to rise above the set-point. The
increase above the set point will result in the opera-
tion of the bleed valves to restore setpoint pressure.

Gas c¢ylinders may become contaminated with oxygen and
moisture from the air if allowed to completely empty.
This occurs due to reverse flow or "suck-back". The
contamination may also result in an explosive mlxture
when dealing with flammable gases.

The contents of a compressed gas cylinder are checked by
reading the pressure gauge.

The contents of a liquified gas cylinder are checked by
weighing the cylinder.
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8. Gas is a compressible fluid and requires high levels of
energy to raise its pressure. Most of this energy is
recoverable and if recovered in a very short time, egq,
if the system ruptures, the result will be an explosion.

An incompressible fluid, ie, liquid should be used for
pressure testing because liquids only use very small
ameunts of energy to raise their pressure.

* * * % *

When you have compared your test with the self evalua-
tion sheet, take both the test and self evaluation sheet to
the Course/Shift Manager and let him discuss your test. If
you are both satisfied with the results, the Manager should
sign the progress summary sheet. If there are some areas
that need further reinforcement that have been identified,
work on these and then take the test again when you are con-
fident.

When you have completed this module proceed to Module
B.5 ~ "Steam Tables."

Jd., Irwin-Childs
D, Taylor
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Self Evaluation

MODULE B.5

STEAM TABLES

Check if the saturation temperature at 0.05 bar
agrees with the stated temperature. The tg at 0.05
bar is 32,9°C. The fluid is existing at a tempera-
ture above the saturation temperature, so the fluid
is superheated steam. '

Check that 3.317 bar is the saturation pressure at
137°C. It is! So the fluid is at the saturation
conditions and we have to check the enthalpy. The
guoted value of 2279.2 kJ/kg is more than hfy at
576.2 but less than hg at 2729.2 so the fluid is
wet steam.

Check that tg at 4.0 bar is 133.5°C. At 4.0 bar tg4

= 143.6°C, The fluid is existing below the satura-
tion temperature and is therefore subcooled ligquid.

1f the steam is 14% wet it is also 86% dry and g = 0.86.

The steam is at the saturation temperature of 64°C. If
the condensate is subcooled by 12°C the temperature of
the condensate is 64 - 12 = 52°C,

Looking at the temperature enthalpy diagram, we can see
the initial and final conditions.

November 1981 | - 1-
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Enthalpy, J/kg
Fig. 515

At the point A, the enthalpy is found using h = hgy + thg
when tg = 64°C.

Using Table 1,
hg at 64°C = 267.8 kJ/kg
hgq at 64°C = 2348.8 ki/kg.
So hp = 267.8 + 0.86 x 2348.8
= 2287.8 kJ/kg.
The enthalpy at the final condition of point B is hg at
52°C which from Table 1 = 217.6 kJ/kg.

Sc the heat removed in the condenser is the difference
between the initial and final conditions, ie, hp - hgp

2287.8 - 217.6

2070.2 kJ/Kg.

Using the temperature enthalpy diagram we can plot the
initial and final conditions.
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Temperature,
250p =~ — — —
175f = —~— —Ah

Enthalpy, Jkg
Fig. 516 -

Initial Condition A

The enthalpy at point A is hg at 175°C which from Table 1 is
741.1 kJ/kg.

The specific volume at the initial condition is vy at 175°C
which is 1.1209 /£ /kg.

Final Condition B

The steam is saturated at 250°C and the enthalpy may be found
from Table 1 where hg = 2800.4 kJ/kqg.

The specific volume of the saturated steam at 250°C is Vg and
is 50.037 f/kg.

The heat added in the steam generator is the difference be-
tween the final and initial enthalpies, ie, hg - hp

2800.4 - ?41.1

1

2059.3 kJ/kg.

The change in volume between the initial and final condition
is vg - va = 50,037 - 1.1209, which is sensibly 49 f/kg.
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4, Steam hammer occurs with pressurized 1liquids when the
line pressure falls to the saturation value. Continuous
vapour production and condensation result in viclent
oscillations of the liquid in the pipe and can produce
severe damage, '

It may be avoided by keeping the line pressure above
saturation conditions whilst there is still liquid pres-
ent. Valve operation. should be extremely cautious.If
steam hammer commences, the .line flow should be reduced
to raise the line pressure above the saturation valve.

5. As - the system cools from 200°C to 100°C, the ‘liquid
water will contract. The wvolume of liguid will thus
decrease.

The decrease in liquid volume means that there will be a
space created in the system. This space will be filled
by vapour, which is produced using some of the heat lost
by the liquid as it cools from 200°C to 100°C. So the
volume of vapour increases. '

Due to the contraction of the water as its temperature
decreases, the pressure of the system decreases.

* k k Kk &

When you have compared your test with the self evalua-
tion sheet, take both the test and the sgself evaluation sheet
to the Course/Shift Manager and let him discuss your test.
If you are both satisfied with the results, the Manager
should sign the test off in the top right hand corner. :

If there are some areas that need further reinforcement
that have been identified, work on these and then take the
test again when you are confident.

When you have completed this module, progress to Module
B.4.2 or B.3.2.
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Self Evaluation

MODULE B.4.2

ENTROPY, THROTTLING & MOLLIER DIAGRAM

Using Table 1, Sg at 186°C = 6.5346 kJ/kg®C.

At 42°C S¢

and

n

0.5987 kI/kg°C
7.6222 kJ/kg°C.

It

ng

The entropy before the expansion is equal to the entropy
after the expansion.

a)

Sg186 = Sf42 *9Sfg4a2
6.5346 = 0.5987 + g x 7.6222
5.9359 = q x 7.6222
5.9359
9= 776222
= 77.9%.

Let's make two assumptions to help clarify the
answers:

i} the steam has moisture content 10%

1ii) the steam temperature is 150°C.

From Table 1 he at 150°C is 632.1 kJ/kg; hg at
150°C is 2745.4 kJ/kg.
1 kg of the wet steam is composed of a mixture of
0.9 kg of saturated steam and 0.1 kg of saturated
ligquid., The enthalpy of the wet steam is:

0.9 x (2?4534) + 0.1 x (632.1) = 2534.1 kJ/kg.

After moisture separation, the steam is saturated
at 150°C. Its enthalpy is 2745.4 kJ/kg.

The enthalpy (which is per kg of £luid) has in-
creased from 2534.1 kJ/kg to 2745.4 kJ/kg. How=-
ever, for every kg of wet steam entering the mois-
ture separator, 0.9 kg of saturated steam exits,
ie, even though each kg of steam contains more heat
after the moisture separator, there is 10% less
steam flowing.

November 1981 -1 -
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In the reheater, main steam from the balance headerx
is used to heat the process steam. The temperature
and enthalpy of the process steam is increased by
this addition of heat. Temperature of process
steam typically increases from around 175°C to
235°C, '

Remember this is a constant enthalpy process. We can
determine the enthalpy of the superheated steam. Using
Table 3, at 1.5 bar and 150°C, the enthalpy is
2773 kJ/kg. -

Befofe'throttling, the steam is at 194°C. Using Table 'l
hy at 194°C = 825,4 kJ/kg -

and

hgg = 1961.7 kd/kg.
Using h = hg + ghgg
2773 = 825.4 + g x 1961.7 kJ/kg
1947.6 = q x 1961.7 - |
_ 1947.6
9= 1981.7
= 99.3%.
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Enthalpy —y73
kitkg | -1t

i, _.},'

!

: L i? {

S it j

' Entropy, kJ/kgoc
Fig.4.222

Peak loading turbines operate at wvarying power levels,
while base loading turbines generally operate at 100%
power for long periods of time.

Let's assume that we have a peak loading turbine that
will be operating at 50% power and that the unit  has
four governor steam valves. If the unit is nozzle gov-
erned, in principle, two governor valves will be wide
open and two will be fully closed. No throttling will
occur and the enthalpy drop available at the turbine is
ha - hpg. If the unit is throttle governed, all four
governor valves will be partly open. Each valve will be
throttling steam; the unit process is shown from A to C
(throttling) then from C to D (turbine expansion). The
enthalpy drop available at the turbine is hg - hp.
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The enthalpy that is available in the nozzle governing
system is greater than that available in the throttle
governing system, This is true for all power levels up
to 100%, so a peak loading turbine capable of operating
at varying power levels will be nozzle governed.

In base load turbines that operate 100% power for the
majority of operation, all the governor steam valves in
both nozzle and throttle governing systems will be wide
open and no throttling will occur. The enthalpy used by
the turbine will be the same in either system, ie,
(ha - hgl. The choice between systems is one of
‘economics, Since throttle governing is less costly, due
to simple turbine casing, governor valve sequencing and
less complicated hydraulics, it is used for base load
turbines, '

& % k *

When you and the Course/Shift Manager are satisfied with
your performance, have the progress summary sheet signed and
proceed to Module B.4,1,



1. Both the moisture separation and reheat processes occur
at constant pressure. On a Mollier diagram the mois-
ture separation is shown as a line running from the
intersection of the constant pressure line at 1.5 MPa
and the 12% moisture line, up to the saturation line.
The reheat process is shown as a continuation along the
constant pressure line into the suparheat reyion,
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Self Evaluation

MODULE B,4.1l

TURBINE WITH REHEAT

November

Entropy. k) /kg°C

Fig.4.113
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Step AB represents the moisture separation.
Step BC represgents the reheat process.

Point Flowrate Pressure Moisture Content
A 1100 kg/s| 1.5 Mpa 12%
B 968 kg/s 1.5 MPa . _ 0%
C 268 kg/s 1.5 MPa Q%
Flowrate

This 1is reduced as the moisture is removed in the
separator. Reduced flowrate out of the separator is
1100 x 0.88 = 968 kg/s. : : \

Pressure:

Ignoring the pressure drops through the system, there
is no change in pressure,

Moisture Content

Reduced to zero in the moisture separator as saturated
steam is produced and remains zero as the saturated
steam is superheated in the reheater.

e next step to determine the temperature of the pro-
cess steam leaving the reheater is based upon equating
the heat lost by the heating steam in the reheater to
the heat gained by the process steam in the reheater,

Heat Lost by the Heating Steam

The steam to the reheater is saturated at a pressure of
3.8 MPa, There is no subcooling of the condensate.
This means that the heat removed from the heating steam
is the latent heat hgfg. From tables hgg = 1728.4
kJ/kg.

Total heat lost by the heating steam is the product of
the mass flowrate, 36 kg/s and the enthalpy c¢hange,
1728.4 kJ/kg.

It

Heat lost per second 39 x 1728.4 kJ

67408 kJ.
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The heat lost by the heating steam is gained by the
process steam. The heat gained per kg of process gteam

will be _1  of 67408 kJ = 67408 = §9.6 kJ/kg.
968 363

The enthalpy of the superheated process steam at
1.5 MPa is the sum of the enthalpy at saturation plus
69.6 kJ/kg.

From tables h, at 1.5 MPa = 2790 kJ/kg.

9

Enthalpy of steam leaving the reheater,
2790 + 69.6 = 2859.6 kJ/kg.

Using superheated steam tables, we can find the temper-
ature of the steam,

At 1.5 MPa and 200°C h
At 1.5 MPa and 250°C h

2795 kJ/kg.
2924 kJ/kg.

For a change of 50°C the difference in enthalpy is
129 kJ/kg. The enthalpy of the process steam is
2859.6 kJ/kg which is 2859.6 = 2795 = 64.6 kJ/kg due to
superheating.

This is exactly half the difference between the enthal-
py value at 200°C and that at 250°C, so the final tem-
perature corresponding to the enthalpy will be 225°C.

In this guestion the solution is found by using the en-
tropy of the initial condition and equating it to the
final condition to determine the moisture content.

From superheated steam tables at 1.5 MPa, the entropy
of steam at 225°C is the mean value of the entropy of
200°C, 6,451 kJ/kg°C and the value of entropy at 250°C,
6.710 kJ/kgeC.

Entropy at 225 = (6,710 + 6.451) 0.5
= 6.5805 kJ/kg°C.

Entropy remaing constant throughout the turbine expan-
sion because it is isentropic. We can equate the value
of entropy of the superheated steam to the expression
for the entropy ¢©f the wet steam at the turbine exhaust
at a pressure of 15 kPa(a).

At 15 kPa{a} Sgf
ng

0.7549 kJ/kg°C
7.2544 kJ/kg°C.
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Equating the entropies:

©.5805 = 0.7549 + g (7.2544)
5.8256 = q (7.2544)
q = 80.3%.

The moisture content is therefore 19.7%.

The steam entering the hp turbine is saturated, which
means that the temperature and pressure are dependent
on .each other,. 1f the pressure falls, then the
temperature falls and vice versa.

At how loads and low steam flows significant throttling
occurs past the GSV's which results in low pressure and
temperature of steam entering the high pressure
turbine. As the load increases the GSV's open further
and reduce the throttling causing pressures and
temperatures to increase throughout the turbine unit.

It is interesting to note that the temperature of the
steam leaving the reheater actually decreases with
increasing steam flow due to primarily to the shorter
time available for heat transfer to the process steam
in the reheater.

* * *x k %

Discuss your test with ‘the Course/Shift Manager and
have your progress summary sheet signed off when you
are both satisfied with the results.

When you are ready to progress, move to Module B.3.2 or
Bl2'



l'
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Self Evaluatién

MODULE B.3.2

FEEDHEATER OPERATION

Perhaps the least confusing way to present this inform-
ation is to use some form of a table and fill in the
"Givensg" and then work through the rest.

Feedwater " Steam
Flowrate Increase (G) Increase
Inlet Temp 1 Constant(G) Reduce
Outlet Temp 2 Reduce N/A
Feedwater AT(2~1) Reduce N/A
Pressure N/A Reduce

{G) Information Given

As the feedwater flowrate 1increases, heat is being
removed from the heater at a greater rate than is being
supplied and the temperature in the heater starts to
fall, As the temperature starts to fall, the pressure
in the shell side of the heater also falls. The
falling heater pressure increases the pressure dif-
ference which exists between the turbine and the
feedheater and more extraction steam flows to the
heater. :

Although more heat is being transferred to the feed-
water, the outlet temperature will have dropped
because of the lower temperature existing in the heater
gshell and so the feedwater temperature rise across the
heater will also fall.

The approach to this problem is to equate the heat
gained by the feedwater to the heat lost by the extrac-
tion steam, The enthalpy rise of the feedwater is

hfiep = PEy3q = 684.2 - 563.4 ki/kg

120.8 kJ/kg,

The total heat gained by the feedwater in one second is
the product of the mass flow (740 kg/s) and the
enthalpy change (120.8 kJ/kg}.
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740 x 120.8 kJ/s

TTotal heat gained

89392 kJ/s.

Using the temperature/enthalpy diagram, we can see how
much heat is lost by the extraction steam.

Temperature,

Enthalpy, J/kg
Fig. 3.2.9

The change 1in enthalpy is found by subtracting the
enthalpy of the liquid at 155°C (hf155) from the enthalpy

of the saturated steam at 170°C (hgl?O)

I

hf155 653.8 kJ/kg

h = 2767.1 kJ/kg.

9170

enthalpy change 2767.1 - 653.8

2113.3 kd/kge

- If M is the mass of steam flowing per second, then
m x 2113.3 is the heat 1lost per second by the steam and
gained by the feedwater,

Thus, 89392 = & x 2113.3 kJ

1l

It

and M 89392/2113.3 kg/s

]

42.3 kg/s,
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In practice, the steam leaves the turbine with around
80% of its thermal energy unused, The majority of this
energy will be rejected to the CCW system whilst the
remainder will return to the feedwater system.

There are two reasons for feedheating. The first

is to use heat which would otherwise be rejected out of
the system, The second 1is to increase the cycle
efficiency by raising the feedwater temperature as
close as possible to the saturation temperature in the
steam generator, '

In the first case, low temperature steam shows
high benefits for heating as the value for doing work
in the turbine is small. As the steam temperature
rises, the penalty of lost work in the turbine becomes
greater if the steam is used for feedheating and there
is an economic limit which on the Candu cycle leaves
the feedwater inlet temperature to the preheater at
around 175°C. : '

Even if the first conditions were not applicable, there
is a thermodynamic limit based on time and temperature
difference, as to how c¢lose you can heat the feedwater
to 250°C with steam at the same temperature.

In this exercise, we must consider the two cases of a
turbine with and without feedheating. Before we go any
further, some thought should be given to the conditions
that we are going to use in the problem and make some
statements as to the assumptions we have made,

Assumptions

a) You c¢annot compare the potential wvalue o©f the
steam in the turbine if the exhaust pressure/temp-
erature is unknown.

Assumption A Exhaust temperature is 35°C

b} The exhaust steam is going to be wet and you could
assume an ideal expansion, lie, isentropic expan-
sion but this is academic and for the purposes .of
illustration, we should choose a practical value
of moisture,

Assumption B Exhaust moisture is 10%

c} The heat recovered from the condensate will be
affected by any subcooling which occurs in the
condenser although this 1is an undesirable condi-
tion.
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Assumption C Condensate in the hotwell is not

d)

subcooled.

We have to take a proportion of the turbine steam
flow and use it for heating steam. In reality,
the overall percentage is around 25% turbine steam
flow extracted for feedheating., This figqure is
academic and if you average this percentage across
five heaters, each heater would use roughly 5% of
the total extraction steam flow. Use an easy, fig-
ure for the purpose of demongtration. '

Assumption D Extraction steamflow is 10%.

Now we are ready to consider the case of the turbine
without feedheating.

A sketch of the temperature/enthalpy diagram is useful
to identify the recoverable heat.

Temperature,
°c

Enthalpy, J/kg
Fig. 3.2.10
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This represents the change in enthalpy from saturated
steam at 150°C to steam having 10% moisture at a temp-
erature of 35°C. This change in enthalpy represents
the work done in the steam turbine,

iz

B-C This is the heat rejected to the CCW in the condenser
and is energy lost from the system.

C-D Represents the heat left in the condensate in the hot-
well which is recovered when the condensate is returned
to the feedheating system.

We can see that the only heat lost is the remaining
latent heat. Thus, the recoverable heat per kilogram of
steam entering the steam turbine is hgisg9 = Pfgsg

h = 2745.4 kJ/kg

g150
hfgys = 2418.8 kJ/kg.
The recoverable heat 2745.4 - 0.9 (2418.8), (Remem-

ber the steam has already lost 10% of the latent heat
because it is 10% wet.)

2745.4 - 2176.9

I

568.5 kI/kg of steam at 150°C,

Turbine with Feedheating

If 10% of the steam is to be extracted for feedheating,
then less work will be avallable and less c¢ondensate - in
fact 10% less recoverable heat from the turbine.

Recoverable heat from the turbine with 10% steam ex-
tracted for feedheating is 90% of the recoverable heat from
the turbine without feedheating = 0.9 x 568.5

= 511,7 kJ/kg of steam at 150°C,

Now we must consider the extraction steam and again a
temperature/enthalpy diagram is useful.
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Temperature,
°c
B
150p — — — — »

Enthalpy, J/ kg
Fig. 3.2.11

A-B 1s the latent heat which is removed by the feedwater
and causes condensation in the feedheater.

B-C This is the heating lost as the feedwater subcools the
drains.

C-D 1is the heat left in the heater drains which remain in
the system. -

Consequently, no heat is lost from the system. All the
heat from the extraction steam is recovered.

Recovered heat per kg h

9150

hgigo = 2745.4 kd/kg

thus 0.1 kg has 274.5 kJ of heat.

Total recoverable heat using feedheating is 511.7 kJ
from the turbine plus 274.5 kJ from the feedheater making a
total of 786.2 kJ per kg of 150°C steam compared with 568.5
kJ/kg cof 150°C steam in the turbine without feedheating.

* * % % *



When you have compared your test with the self evalua-
tion sheet, take both the test and self evaluation sheet to
the Course/Shift Manager and let him discuss your test, If
you are both satisfied with the results, ask the Manager to
sign the personal progress summary sheet and proceed to Mod-
ule B,.3.1 "Condenser Performance",

If further reinforcement is necessary in some areas,
work on these and take the test again when you are confi-
dent.



S8elf Evaluation

MODULE B.3.1

CONDENSER PERFORMANCE

Avoid using the cycle efficiency first because the whole
aspect of efficiency depends upon being able to reject
steam at a saturation temperature below that of 100°C
which can only be done AFTER we have decided to use a
condenser,

There are four basic points to cover:

a)

b)

c)

a)

If steam was not recovered from the system, the
costs would be encrmous. The water treatment plant
would have to be capable of treating water at a
rate exceeding the combined station unit full 1load
mass flowrate, ie, in excess of 4000 kg/s. That
would be some water treatment plant! The reserve
feedwater capacity would have to be significantly
increased.

This point concerns the practicality of size of
water treatment and storage plus costs.

If all the steam was rejected to atmosphere, there
would be no recovered heat in the system from the
condensate. Low pressure feedheating using steam
at sub-atmospheric pressures would not be possible.

If we agree that it is to the systems advantage to
return the working fluid to the system, we have to
ask how it may be done. If we have to pump the
vapour, we need an axial compressor at least as
large as the turbine and would be unlikely to pro-
duce any net power.

By reducing the veolume of steam by a factor of
around 30000/1, we can pump the liquid with a
relatively small pump.

Having decided to use a condenser, we can ask about
the operating conditions that will increase the
unit thermal efficiency. In principle, the lower
we make the condenser temperature, the more effic-
ient the unit cycle will become. In practice, this
minimum temperature is governed by the cooling
water supply and results in designed condenser tem-
perature around 36°C,
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The lower temperature means higher cycle efficien-
¢y, greater turbine efficiency because of more work
extracted per kilogram of steam, extraction steam
available at sub-atmospheric pressures for feed-
heating.

In summary, your responses should follow:

- What are the problems of not returning the working
fluid?

- What are the problems of returning the working
fluid without condensation?

- Having decided on condensation, what other benefits
arise? :

Assume that we have steady state conditions in the con-
denser, i1e, the heat lost by the steam is egual to the
heat gained by the cooling water.

If the CCW inlet temperature falls the average CCW temp-
erature will fall which will increase the temperature
difference between the steam space and the CCW. As a
result, more heat will be transferred from the steam
space which will lower the temperature in the condenser.

The pressure will decrease with the condenser tempera-
ture which will result in an increased steam flow
through the turbine to the condenser.: :

Steam CCW
Flowrate Increase Same
Inlet Temp X Decrease
Outlet Temp X Decrease
Ave Temp Decrease Decrease
Pressure Decrease X

The best plan to adopt is to examine the possibilities
in the most likely sequence. We should look at all. the
possible causes because there may well be more than one
reason for the increase in condenser pressure.

a) - Check the CCW inlet  temperature. If this has in-
creased, the average CCW temperature will have in-
creased and caused a corresponding increase in the
steam gpace, If the inlet temperature is the same,
then this option is out.



b)

c)

d)

e)

£)
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Has the steam flow to the condenser changed because
of changes in power or extraction steam flow?

If the steam flow to the condenser has increased
for whatever reason, this will cause a rise in
temperature in the steam space sc that the extra
heat may be transferred to the CCW. If there is no
obvious change, then this is an unlikely option.

Has the CCW flowrate decreased due to tube blockage
or CCW pump trip? This condition would be indicat-
ed if all temperatures had increased with the
exception of the CCW inlet temperature. Make sure
that the condensate temperature has also increased.

The reduced CCW flowrate would result in a higher
CCW outlet temperature which would raise the CCW
average temperature and result in an increase in
the steam temperature to transfer the same amount
of heat. :

If air is getting into the condenser, this will act
as an insulator around the heat transfer surfaces
and this could result in a reduced heat transfer
with a lower CCW outlet temperature. The conden-
sate temperature would be below the condenser ex-
haust temperature and the whole situation would be
confirmed by a significant rise in dissolved oxygen
in the feedwater.

If the heat transfer surfaces had become flooded,
the condensate would show a marked degree of sub-
cooling. The temperature would rise in the con-
denser because the CCW is not only trying to remove
the latent heat but is removing some of the sensi-
ble heat as well in subcooling the condensate.

Tube fouling, as opposed to tube blockage which
restricts CCW flow, reduces the efficiency of heat
transfer. This situation does not usually occur
rapidly and is more associated with scale or oxide
formation but could result from oil contamination
on either of the two heat transfer surfaces of the
condenser tube,

This condition would result in no significant
change on the CCW circuit but a higher temperature
in the steam space to overcome the increased resis-
tance to heat transfer.,
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By analyring the conditions of the steam system and
the CCW, it is reasonably easy to decide which
system caused the change.

Operation above design pressure

a)

b)

The first option is fairly obvious and is basically
an economic consideration. If the condenser is
operating above design pressure, the steam flow
will be reduced and if the GSVs are in the 100%
power position, turbine power will be reduced and
the output and efficiency of the unit will suffer.

If the low pressure blades, which travel arocund 800
mph at the tips, are allowed to heat up in the
higher density steam, permanent elongation may
occur and close the radial clearances. This prob-
lem is overcome by the use of a vacuum unloader
which reduces the turbine load as the pressure
rises. A vacuum trip shuts the turbine down in the
event that the vacuum unloader cannot control con-
denser pressure,

Operation below design pressure

Both problems are blade related problems. As the
condenser pressure is lower, more work may be ex-
tracted from the steam, The extra work results in
an increased moisture level which results in accel-
erated erosion of the turbine blades.

As the condenser pressure is reduced, the steam
flow through the turbine increases and this also
results in a higher turbine power level.

The overpowering of the turbine results in higher
blade stresses which result in a reduced blade
lifetime and an increased possibility of blade
failure due to fatigue.

Using heat by the steam is equal to0 heat gained by the
CCW, we can determine the unknown quantity - CCW flow-

rate.

Heat lost by steam

A temperature enthalpy sketch may help.
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Fig.3.1.8

The steam enters the condenser at point A where it
has already lost 10% of its latent heat. The con-
densate leaves the condenser at point B where it is
saturated liquid. The change in enthalpy is the
remaining latent heat, ie, 0.9 hfg at 6 kPafa).

2416 kJ/kg

hfg at 6 kPa(a)

0.9 x 2416

2174.4 kJ/kg.

Total heat lost by the steam per second 1is the
enthalpy difference (2174.4 %J/kg) multiplied by
the mass flowrate (700 kg/s).

Total heat lost by the steam = 2174.4 x 700

= 1522 x 103 kxJ/s.

This heat is gained by the CCW system every second.
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Heat gained by CCW

Inlet temperature 5°C.
Cutlet temperature 14°C. -
Heat gained per kilogram of CCW

= Df1g - hgg

H

37.74 kJ/kg.

The CCW removes 37.74 kJ for every kilogram of cooling
water until 1522 x 103 kJ are removed every second.

Thus, the CCW flowrate is
1522 x 103/37.74

= 40330 kg/s.
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Self Evaluation

MODULE B.2

STEAM GENERATOR

At power it is a design requirement that the mass of

light water in the steam generator remains constant.

This produces two advantages:

(a) The heat sink for the reactor remains sensibly
constant.

(b) The effects of sudden changes of steam flow on
boiler level are reduced.

Suppose the boiler is full of liquid at the saturation
temperature and we increase unit power. As more heat is
rejected to the steam generator from the primary heat
transport system steam is going to be produced in the
steam generator. The steam is produced as vapour bub-
bles within the liguid which has the effect of "float-
ing" the surface in the boiler to a higher level al-
though the mass of '"water" in the boiler remains con-
stant.

As the steam flow increases, to the full load value, the
ratio of steam bubbles to liquid in the boiler continues
to increase. The increased volume of vapour "floats"
the level to its highest normal wvalue.

If the boiler level had not been at a relatively low
value before the steaming rate was increased, the level
would have reached the top of the beoiler before full
load was achieved and liquid would have entered the
steam lines.

This increased vapour production is the reason for hav-
ing a programmed boiler level with steam flow, where the
programmed level is low at low steaming rates and 1is
high at the high steaming rates.

(a) The major problem of a very high boiler level is
that a small change in operating conditions could
result in liguid being pushed out of the boiler
into the steam turbine.
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In this event several effects may result. As the
liquid enters the turbine guenching of the rotor
will occur as the liquid meets the center. This
may severely distort the hp rotor. The liquid then
has to pass through the blading which it does with
difficulty and the chances of blade failure at this
point are very real. All told, this is an event to
be avoidedl

In a similar manner a relatively small operating
change could cause a drop in boiler level which
would produce problema 1if the boiler level was
already low to start with. '

The first problem is that the level of the boiler
may fall below the lowest level sensing point for
level contrel., As a result the actual level is no
longer the indicated level because the indicator is
already operating at the minimum signal. How do
you know where the boiler level has gone? You
don't!

Secondly, as the ‘'water' inventory in the steam
generator is reduced so the heat sink capacity for
the reactor is reduced which is an undesireable
trend. :

Thirdly, if the level in the boiler falls so that
the tube bundle becomes uncovered then dryout will
occur and dissolved solids existing in the boiler
will 'bake out' on the outer tube surfaces, thereby
impeding future heat transfer. This problem is
clearly not of the same priority as the previous
two.

In both cases of extreme level, an alarm is initi-
ated which may allow the operator to take some
appropriate action. If the boiler level continues
to rise after the alarm then a GSV trip is initiat-
ed to prevent water entering the turbine from the
steam generator. :

If the boiler level continues to fall after the
alarm a reduction of reactor power is initiated to
ensure that the reactor thermal power is5 more
closely matched to the reduced thermal capacity of
the reactor heat sink, ie, the boilers.

This reduction in reactor power may be as a setback
or a trip depending upon the operating rationale at
the station coencerned. '
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3. The three basic elements which are used for boiler level
control are:

{a) Steam flow,
(b) Feedwater flow,
{c) Actual level,

The steam flow measurement is used to derive the pro-
grammed boiler level.

Comparator circuits c¢heck for mismatching between
Steam/Feedwater flowrates and actual/programmed boiler
levels.

At low power levels the measurement ©of low flowrates is
not very accurate and the control of feedwater flow via
the feedwater regulating valves is rather insensitive.
Consequently, the inputs of steam flow and feedwater
flow at low values are effectively ignored and 1level
control is achieved using the level controller alone.

As the flowrates rise above 20% and the large feedwater
regulating valves are in service, then the three element
measurement is used to advantage.

4. You will have noticed that the question does not state
"reactor leading" or "reactor lagging”. You should know
whether the 'normal' mode at your station is "reactor
leading" or "reactor lagging”.

The fact that the speeder gear is on 'auto' implies that
the offset for the steam reject valves is in effect.

Reactor Leading (Pickering NGS-A)

In this mode the reactor power remains constant and the
BPC program varies the steam flow from the steam generator to
control the boiler pressure to the pressure setpoint.

As the steam pressure rises above the setpoint the BPC
program initiates a signal which opens the GSV's on the tur-
bine and allows more steam to flow through the turbine.

If this action does not restore the boiler pressure to
the setpoint value by the time the SRV offset is reached, the
small SRV's open to allow excess steam to be vented to atmos-~
phere. In the event that the mismatch is such that the large
SRV's open, then a reactor setback is initiated and only
stopped when the large SRV's close or 2% reactor power is
reached.
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Reactor Lagging (Bruce NGS-A)

In this mode of operation the turbine load remains
constant. and the reactor power 1is changed to correct the
boiler pressure error.

If the reduction of demanded reactor power does not re-
turn the boiler pressure to the setpoint and the boiler pres-
sure reaches the offset wvalue for the small steam reject
valves, the unit control changes to reactor leading.

-In this case the small reject valves operate and if the
large reject valves are required to operate a reactor setback
is initiated to reduce the power mismatch. The setback stops
when the large reject valves close or 2% reactor power is
-reached.

5. The BPC program relies upon being able to vary the steam
flow from the steam generator to contrxol the boiler
pPressure.

In the "cocldown" mode of operation the volume of steam
increases dramatically as the pressure falls. At 130°C
the steam volume has increased by more than 13 times.

Two problems arise from this lowering of the steam pres-
sure. Even though the steam mass flowrate is much re-
duced the volumetric flowrate increases due to the larg-~
er specific volume and the pipe sizing for the SRV's
becomes inadequate and the SRV's become full open and
can no longer reduce the steam generator pressure.

One problem of using the turbine "all the way down" is
that as the pressure in the boiler falls, so the levels
of moisture in the turbine become higher. The exercise
then becomes one of economics of a small amount of gen~
eration plus low feedwater loss against the blade damage
on the turbine due to accelerated erosion.

The main reason for terminating the 'cooldown' mode of
the BPC program at 170°C is that this effectively repre-
sents the point where the SRV's are no longer capable of
regulating boiler pressure because they are full open.
At this 901nt the PHT system temperature is further re-
duced using shutdown cooling.

6. The objective of a "crash-cool" exercise is to reduce
the reactor temperature in a short period of time. The
action which is taken to "crash-cool" is to reject steam
from the steam generator at a rate which lowers the
pressure. The effect of lowering the pressure is to re-
duce the temperature in the steam generator which means
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that there is now a larger temperature difference be-
tween the PHT system and the steam generator. As a

.resgult of the larger temperature difference, the rate at

which heat is removed from the reactor increases and the
rate of cooling increases.

An increase in the thermal resistance of the steam gen-
erator tubes means that a larger temperature difference
is required to transfer the same amount of heat from the
PHT circuit. The only way that this can occur is for
the PHT D30 average temperature to rise to a value where
the same amount of heat is being transferred through the
higher resistance of the steam generator tubes.

(a) The efficiency of the steam/water cycle is propor-
tional to the temperature difference between the
steam in the steam generator and the steam in the
condenser, When the steam generator pressure is
raised, the steam temperature in the steam generat-
or will increase (ie, the water will boil at a
higher temperature). This increase in steam temp-
erature increases the temperature difference be-
tween the steam generator and the condenser, which
will increase the work done and the cycle effici-
ency.

(b) The 1limit on raising the steam generator pressure
is due to the temperature of the fuel. Since the
fuel is a ceramic, it has very poor heat transfer
characteristics. Thus, when the centre fuel maxi-
mum temperature is 2300°C, the temperature of the
fuel sheath is about 350 to 400°C and, after heat
transfer occurs from the fuel to the primary heat
transport fluid and from the primary heat transport
fluid to the light water in the steam generator,
the temperature of the light water in the steam
generator is about 250°C,

If the centre fuel temperature is designed higher
than 2300°C, the temperature and pressure of the
light water in the steam generator can be increas-
ed,

At centre fuel temperatures approaching 2800°C, the
fuel will melt, releasing fission product gases
which contribute to fuel sheath failure. Thus the
maximum fuel temperature is limited to 2300°C
{(which gives a safety margin), and the maximum
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light water pressure in the steam generator is the
saturation pressure for the resulting 250°C operat-
ing temperature, or about 4 MPa(a).

* ¥ * % %

When you have compared your answers ask the course man-—
ager to review your test.
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Self Evaluation

MODULE B.1l

REACTOR

The major reason that channel blockage presents a seri-
ous problem in the reactor is that the rate of flow of
coolant to the fuel is decreased.

I1f we briefly explain the equation for power in the
channel, we can see the effect of changing mass flow.

_6 = mass flowrate x (Enthalpy In - Enthalpy Out}).

In this expression, the channel power will remain

'sensibly constant so Q will not alter. The channel in-

let enthalpy will remain constant, If the mass flowrate

‘now decreases, the exit enthalpy must increase to com-

pensate, keeping constant.

The increased enthalpy is seen by a rise in Channel out-
let temperature. This is the first indication of possi-
ble channel blockage, provided it does not appear in
other adjacent fuel channels,

The rise in temperature of the heat transport D50 will
cause an increase in the fuel sheath temperatures which
will not be a problem provided that voiding does not
occur, A channel high temperature trip is the expected
result from this event.

The danger lies in the situation where channel voiding
occurs and the heat  transport pressure 1is low enough
that voiding occurs at a temperature below the high tem-
perature trip setting on the channel.

The channel blockage may be confirmed by monitoring the
channel pressure drop using the fuelling machines.

The two problems that may result from a low heat trans-
port system pressure are both related to the productlon
of vapour,.

The two preblems concern the fuel bundles and the heat
transport pumps.

If the system pressure falls to the saturation pressure,
large scale vapour production will occur in the channel
and voiding will result. The major concern in now of
loss of heat transfer from the fuel. Instead of forced

November 1981 -1 =
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convection with 1liquid, the heat transfer is taking
place with vapour which has a far inferior ability to
transfer heat.

Under normal conditions, the centre temperature of the
fugl is around 2300°C when the melting point is around
2800°C. As the fuel temperature rises, the possibility
of fuel sheath failure increases and is likely to occur,

When the fuel sheath temperature has risen from around
350°C and has reached a range of 800 - 1100°C, sheath
failure is accelerated by the release of fission product
gases from the fuel grain boundaries at high tempera-
tures, causing high pressure between the fuel and the
sheath.

If the system pressure falls below the value to estab-
lish the required positive suction head for the heat
trangport pumps, then cavitation will result. The
effect of cavitation will be pump damage and loss of
coolant flow.

If the heat transport system pressure control program
cannot maintain the pressure because of loss of coolant,
this is a serious condition.

As soon as the system pressure reaches the saturation
value, large scale vapour production will begin and it
may appear as though the - problem was over because the
system pressure has stabilized. 1In fact, from the mom=-
ent the saturation pressure was reached and channel
voiding commenced, the fuel was beginning to overheat.

The object of the exercise is to reduce the fuel over-
heating to a minimum and re-establish fuel cooling as
soon as possible. This cooling can only bhe achieved
when liquid is again in contact with the fuel bundles.

By c¢rash cooling, the heat transport circuit is cooled
and depressurized rapidly in a few minutes to a point
where the heat transport fluid can restore cooling., If
there is not enough heat transport D,0 left in the cir-
cuit, emergency core injection may commence as so0On as
the heat transport pressure has fallen below the maximum
possible injection pressure.
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The main difference between a small loss of coolant and
a major LOCA is that in a small loss of coolant situa-
tion, it may not be obvious to the operator that channel
voiding has occurred. The large quantities of vapour
generated stabilize the system pressure and may disguise
the real problem. In a major LOCA, the operator is left
in no doubt as to what has happened!

A loss of coolant from the heat transport system may not
appear in the immediate environment and may not neces-
sarily result in a high boiler room pressure trip or a
Beetle alarm.

The D30 could  leak into the steam generator, for exam-
ple. 1In this situation, we would have to loock elsewhere
for pointers indicating a loss of coolant,.

A reducing level in the Dy0 storage vessel, ie, the D30
storage tank may be some indication.

A loss of heat transport system pressure may be a furth-
er indication of loss of D0,

If the D0 was leaking into the boiler room, then a high
boiler room pressure trip and Beetle alarms would con-
firm this event. A steam leak could produce the same
effect]

If the loss of coolant created voiding, the resultant
positive reactivity would produce the Linear Rate Trip,
Hi Log Rate Trip, Hi Power Trip.

The immediate effect of losing the feedwater supply is
to lose around 17% of the heat sink because no heat is
being removed from the PHT to increase the sensible heat
of the feedwater. fThere is now a mismatch of thermal
power and the PHT temperature starts to rise,.

As the level in the steam generator falls below the
tubes, heat transfer is further lost due to the reduc-
tion of heat transfer area and the rate of temperature
rise of the PHT increases.

The onset of bulk boiling occurs at constant temperature
which means that channel AT can no longer be used as an
indication ¢of channel power.

The production of vapour increases the "steam guality”
along the remaining section of the fuel channel but
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gives no external indication of whether 10% or 80% of
the ligquid has become vapour.

The reactor is at a lower elevation than the steam gen-
erator. This arrangement permits the less dense hot D30
to rise up to the steam generator by convection and
equally causes the cooler D0 to return to the reactor.
This mechanism establishes flow round the PHT circuit,
with no pump running, by thermosyphon.

The thermosyphon can only be maintained provided no
vapour or gases collect in the tubes in the steam gener-
ator.

ROH temperature is monitored to ensure that no vapour is
produced in the PHT circuit and that sufficient tempera-
ture difference exists between the steam generator and
the PHT system for adequate heat transfer. This AT may
be controlled by the steam generator pressure.

* % * * &

When you have compared these notes with your own

answers, have the Course Manager review them. When you are
both satisfied with your answers, have the Manager sign off
the test sheet.

* k ok Kk *

Before you finish, please complete the course evaluation

form and let us know what we can do to make this course more
suited to your needs, in format and content.

* * * * *

Well Done!
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Criterion Test

MODULE B.l

REACTOR

Give a major reason why reactor channel blockage is a
serious condition and explain how this condition can be
detected and may be confirmed.

Briefly explain how two major problems may result from

- low heat transport system pressure.

Briefly explain why crash cooling is necessary for a
loss of coolant from the heat transport system that
only results in a low rate of heat transport pressure
decrease. Briefly explain how this condition may pro-
duce similar results to those found in a major LOCA,

Briefly explain how a loss of heat transgport coolant
may be detected.

Briefly explain the immediate and longer term effects
of losing feedwater supply to the steam generators.

Briefly explain how the temperature and quality of the
PHT coolant change when bulk boiling occurs.

Explain how the PHT thermosyphon is established and how
the ROH temperature is used as a datum for the contrel
of the thermosyphon.
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Criterion Test
MODULE B.2

STEAM GENERATOR

Explain why it is necessary for the programmed steam
generator level to increase with unit power,

{a) Explain a major problem with having a very high
boiler level when the unit is at power,

(b) Explain three problems that could result from a
very low boiler level,

{c) Describe the control actions that are designed to
avoid these problems of extreme boiler level.

State the three elements which are used for boiler
level control and explain why they cannot be used .ae
low power levels.

Explain how your station system responds to a rising

“boiler pressure when unit control is in the "normal®

mode and the speeder gear is in ‘fauto'.

Explain why the BPC program is completed at 170°C when
in the "cooldown" mode,

Explain how the temperature difference, between the
steam generator and the PHT system, changes during a
"crash=cool" exercise.

State how the average PHT temperature is affected by an

- . increase in thermal resistance of the steam generator

tubes,

July 1981 -1 -
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Criterion Test

MODULE B.3.1

CONDENSER PERFORMANCE

You will need {a) a calculator
' {b) a set of S.I. steam tables.

List and explain four advantages of using a condenser
instead of rejecting steam to atmosphere from a steam
turbine,

Explain the effect of a reduced CCW inlet temperature
on condenser temperatures, pressure and flowrates.
Summarize your answer in table form.

The pressure in a condenser is slowly rising. Describe
the steps that you would follow to quickly determine
some of the possible causes for the increase in conden-
ser pressure, Explain why you are considering each
parameter,

Explain two undesirable consequences for each of the
following turbine condenser conditions:

a) operating the condenser above design pressure
b} operating the condenser below design pressure.

A condenser operates at a pressure of 6 kPa(a). CCW
inlet temperature 1is 5°C and outlet temperature is
l4ec, Steam enters the condenser at 700 kg/s and 10%
moisture, Determine the CCW flowrate if there is no
subcooling of the condensate.

July 1981 -1 -
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Criterion Test

MODULE B.3.2

FEEDHEATER OPERATION

You will need (a) set of S8.1. Steam Tables
{b) calculator.

Explain how conditions of pressure, temperature and
flowrate change in a feedheater when the feedwater
flowrate is increased. The feedwater inlet temperature
remains constant and there is no change in turbine
power,

A feedheater is supplied with extraction steam from a
turbine, The steam is saturated at 170°C, The drains
from the heater are at 155°C. The feedwater inlet and
outlet temperatures are 134°C and 162°C. The feedwater
flowrate is 740 kg/s. Determine the steam flow to the
feedheater. Use a temperature/enthalpy diagram in
explaining your logic.

Explain why steam is extracted from the turbine for
feedheating and why there is a practical 1limit to the
final feedwater temperature before entering the steam
generator,

Saturated steam is supplied to a feedheater at 150°C,
Demonstrate the benefit of feedheating by calculating
the recoverable heat in the following turbine situa-
tions:

a) turbine without feedheating
b) turbine with  feedheating.

Use a temperature/enthalpy -diagram to explain your
reasoning and state all your major assumptions. ’

July 1981 -] -
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CRITERION TEST

MODULE B4.l

TURBINE WITH REHEAT

You will need a) a calculator
b) a set of 5.I. steam tables.,

" The exhaust steam from a high pressure turbine flows at

1100 kg/s at a pressure of 1.5 MPa and with a moisture
content of 12%, The steam flows to a moisture separator
where the process steam becomes saturated and then pass-
es through a reheater. Ignore the pressure drops
through the separator and reheater.

The reheater 1is heated with saturated steam at 3.8 MPa
at a flowrate of 39 kg/s. The condensate is saturated.

a) Sketch the process on a Mollier diagram,

b) List the values of flowrate, pressure and moisture
content at each step of the process,

c) Determine the temperature of the process stean
leaving the reheater. '

In the previcus guestion the steam from the reheater
enters a low pressure turbine where it is expanded isen-
tropically to a pressure of 15 kPa(a). Calculate the
moisture in the exhaust steam from the turbine.

NOTE: In both questions shown clearly how you proceed
from one step to the next.

Explain how pressure and temperature change through the
turbine unit as the load is increased from 25% to 100%
full power.
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CRITERION TEST

MODULE B4.2

ENTROPY, THROTTLING & MOLLIER DIAGRAM

You will need a) a calculator
b) a set of S.I. steam tables.

1. Steam which is saturated at 180°C is expanded, at con-
stant entropy to 42°C. Determine the dryness fraction
. of the final steam condition.

2. Initially wet steam at 194°C is throttled to a pressure
of 1.5 bar when the temperature is measured to be
150°C. Determine the dryness fraction of the wet steam.

3. Sketch your own Mollier Adiagram to illustrate the fol-
lowing series of processes: A high pressure turbine
uses saturated steam at 250°C and exhausts steam at
180°C with 10% moisture to a moisture separator. The
separator produces saturated steam and is followed by a
reheater which raises the temperature of the steam to
235°C. The superheated steam expands in the low pres-
sure turbine to 36°C and 12% moisture.
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CRITERION TEST
MODULE BS

STEAM TABLES

You will need a) a calculator

b) a set.of S.I. ateam;tableé-

' Identify the state of water in the following cases, as

being subcooled water, saturated water, wet steanm,
saturated steam, superheated steam, :

Enthalpy Temperature Pressure
2575.3 kJ/kg a0°c 0.05 bar
2279.2 kJ/kg 137°C 3.317 bar

561.4 kJ/kg 133.,5°C 4.0 bar

14% wet steam at 64°C is condensed to liquid which is
gsubcocoled by 12°C, Determine how much heat is removed
in the condenser,

‘A steam generator produces saturated steam at 250°C from

feedwater at 175°C. Determine:
a) the heat added per kg in the steam generator

b) the change in volume which occurs per kg of water
from liquid to saturated vapour.

Briefly describe the process of "steam hammer" and-

- explain why it is a problem and how it may be avoided,

July 1981 -1 -
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CRITERION TEST

B6

BASICS

Define the following terms from memory:

{a) Temperature,
{b) Heat.

Explain the meaning of the following terms in your own
words, from memory, when applied to the various states
of water:

Saturation temperature,
Sensible heat,

Latent heat of vapourization,
Subcooled liquid.

Saturated liquid.

Wet steam.

Saturated steam,

Superheated steam.

e e B R
OO O OoOWn
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Draw a graph of temperature plotted against the enthal-
py of water, when heated at constant pressure, The
graph should be fully labelled by making the following:

The axes.

Sensible heat region.
Latent heat region,
Saturation temperature.
Subcooled region.
Saturated liquid,
Saturated steam,
Superheated region,

Wet steam range,

A A T T T P,y e
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Explain the following heat transfer mechanisms, in your
own words and give an example ¢of each mechanism:

(a} Conduction.
{b} Natural Convection.

(¢) Forced Convection.

(3} Radiation.
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Explain why the temperature of a gas rises during com~
pression and why an aftercooler is used,

Explain how the pressure of a closed volume of gas
changes when heated and illustrate your answer with an
example from the station that uses a "feed and bleed"
system.

Explain why gas cylinders should never be completely
emptied and state how you would check the contents of a
compressed gas and a liquified gas cylinder.

Explain why compressed gas should never be used for
pressure testing, ' _
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