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Heat and Thermodynamics

Course Qbjectives
1. You will be able to define the following and state the units:

(a) Temperature.
{b) Heat.

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

(a) Saturation Temperature.
(b) Subcooled Liquid.

(c} MWet Steam,

(d> Saturated Steam.

(e) Superheated Steam.

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

(a) Conduction.
(b)Y Natural convection.
{c) Forced convection.
(d) Radlation.

4. You will be abie to expliain, in your own words, the following
terms:

(a) Nucleate boiling.

(b Partital film botling.
(cy Dry out.

(d> Critical heat flux.

5.  You will be able to state that a compressor will raise both the
pressure and temperature of a gas and explain that an after
cooler 1s used to reduce the volume of the recelver.

6. You will be able to state that the effect of heating a closed
volume of gas is to ralse tts pressure and illustrate this
principie with a gas "feed and bleed" example from the station.

7. You will be able to explain why it is 1mbortént to know when a
gas cylinder is effectively empty and state the test for this
condition when the cylinder contains:

{(a) Liguid Gas.
(6> Compressed Gas.
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8. You will be able to explain why high energy in a compressed gas
makes it dangerous for pressure testing purposes.

Enabling Objectives

1.  You will be able to explain, in your own words, the following
terms when appited to the various states of water:

(a) Sensible Heat.
(b> Latent Heat of Vapeurization.
(c) Saturated Liqufd.

2. You will be able to draw a graph of temperature against
enthalpy as heat is added at constant pressure and complete the
graph by doing the following:

(a) Label the areas. _

(b> Indicate sensible heat region.

(¢c> Indicate latent heat regton.

(d> Mark the saturation temperature.

(e) Indicate the subcooled region.

(f)> Mark the point for saturated liquid.
(g)> Mark the point for saturated steam.
(h> Indicate the superheated region.

Note: In this and all following modules, enabling objectives
are not tested directiy.
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BASICS

One of the most common problems from which we all suffer at some
time or other, is that we try to rationalize a situation without
returning to basic concepts. Although when we start to look, fin
detall, at some thermodynamic processes 1ife can become complex, the
majority of thermodynamic processes, with which we are familiar in
our station, may be readily understood and explained using basic
principles.

Before we can progress to look ét some of the thermodynamic
probtems, it is essential that the basic items and concepts be
understood if confusion is to be avoided.

Jemperature

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

Thus TEMPERATURE s a measure of quality or grade of heat..
Temperature should NQT be confused with the quantity of heat.

There are many temperature measurement scales used to compare
temperatures, but today we generally.only use the Celstus scale. As -
we know from previous experience the Celsius scale uses the freezing
point and bolling point of water, at atmospheric pressure, as the
lower and upper reference potnts 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 tn symbol form, using S.I., a temperature of
10 degrees Celslus and a temperature rise of 10 degrees Celsius are
BOTH shown as 10°C and . obviously we need to take extra care to
determine whether the given information 1s a point on a temperature
scale, eg, 40°C or an interval eg, the difference between 90°C and
50°C 1s also 40°C.

HEAT
Heat 15 a_Form of Energy

The heat in a substance is associated with the motion of its
melecules, e, its internal energy. The hotter the substance the
more vigorous the vibration and motion of its molecules. If heat is
applied continuously to a solid 1t relaxes the cohesion of the
molecules, and a point 1s reached at which the vibration of the
molecuies is such that the solid changes into a liquid in which the
molecules can move about more freely. On further addition of heat
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to the 1iquid the motion of the molecules §s increased still more
and a point is reached at which the liquid begins to change into
vapour or gas. The heat applied dissociates the molecules of liquid
from one another so that they fly apart and remaln separate in the
gaseous state.

The pressure exerted by a gas or vapour, in.a vessel, 1s due to the
impact of the molecules on the walls of the vessel. The hotter the
gas, the greater the pressure, because the more vicolent 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 1s easier to imagine the molecular condition
of the water and steam in the interfor of a boiler.

The Heasuremeni of Heai

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
energy 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 quantity of material
involved (b) the nature of the material le, how much heat is
absorbed by a unit mass of the material for a unit rise in
temperature.

All energy forms are measured tn JOULES.
The symbol for heat energy ts 'Q’.

Inus_ﬂ,E.AL 1i_m_mgntuLmrstMJ_thLmaeimﬁuLM
DO

The untts are Joules per kilogram per degree Celslus. (J/kg°C)

The symbol for specific heat is 'C'.

We may now relate heat and specific heat. MWe have already seen that

the amount of heat a body required to realize a particular

temperature change depends upon the mass of the: body, the material

of which tt 1s composed, and the stated temperature change. Thus:
Q=mx C x AT

J = kg x J/kg*C x °C
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Where 'Q' 1s the quantity of heat required to produce a temperature
change of 'AT' degrees Celsius in materfal 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 ralse
the temperature to 64°C if C for the water is 4.18 kJ/Kg°C. By
simply substituting into Q@ = mCAT we may determine the value of Q.

Thus Q = 14 x 4.18  x (64 — 30) k.Joules
kg x kd/kg°C x °C
=14x4.18 x 34
- 1989.7 kJ

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

Q1.1 In a 600 MW unit 1300 x 106 Joules of energy per second
are rejected to the condenser cooling water system. If the
temperature rise of the cooling water is 11°C and the
specific heat of the cooling water 15 4.18 kJ/kg°C determ%ne
how much cooling water is needed every second.

® h k * ®

Entbglpﬁ

he total heat vaiue of fluld measured above a reference
point. This is an arbitrary temperature that is convenient for
reference such that fluid at 0°C has zero enthalpy.
The symbol for enthalpy is 'h'.
The units are in Joules/kiltogram. (J/kg)

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

Before we progress to look at water, 1t would be an ideal point for
you to reread the previous notes and if you feel you have understood
them, try and write down the definitions for:

Temperature
Heat

When you are satisfied that you know the definitions continue with
the next section.
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HATER
This remarkable fluld is used so widely for so many purposes that a
lot of its characteristics are hardly recognized. MHWe use water as a

heat transfer fluid because it 1s cheap, easily purified and has an
exceptional heat capacity.

When we speak of water we tend to think of it In its most famillar
form, as a Viquid and do not immediately register that 1t could also
be a solid, vapour or gas. We are continually heating this
substance in one part of the-system and cooling it in another part
and it Is not surprising that we should pay a lot of attention to
the belaviour of water when it is heated and cooled.

What happens to water when it s heated - get's hotter? Not
necessarily so. HWhen water 1s turning from tiquid into steam, the
temperature, which measures the hotness, remains constant. Of
course, if we heat water as a liquid the temperature may rise. Hhat
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 Increases. 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 tts own particular problem and
unless we have knowledge as to how the fluid 1s 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, 1f we know elther 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 ald and one of the most

useful ailds is the graph of temperature of the water, at constant
pressure, which s plotted against the enthalpy of the fluid.
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This graph 1s shown betlow and we will be referring to this ¢a many
occasions.

(>

Temperoture,
°c

Enthalpy, J/kg
Fig. 1.1

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 1ncrea51ng enthalpy until the temperature at B
is reached. At this point further increase 1n enthalpy does not
produce a corresponding temperature rise. This 1§ because a change
of state 1s taking place and the tiquid is being turned 1nto vapour,
at constant temgerature. Once alt the liquid has been turned tnto
vapaur, point C, the température will continue to rise with the
continuing 1ncrease tn enthalpy,. but not at the same rate as
previcusly,

Saturation Temperature
"Saturation teﬂperature“ 15 the temper n;u[g,at“zhj;h thﬂ Mqui d ]
The h1gher the'bressure the higher the saturation temperature " The

symbol for saturation temperature 15 tg. The saturation
temperature provides a very useful referenCe point as we will see,
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Saturoted
Liquid Superhected
Steam

Te'n_perature,

Wet
°c Sensible ____s_!_.;.ﬂ"___
* Heat
t, - = B '

s T =~ % - o Saturated
Id— Lotent Heat- h-l Steam

Subtooled
Liquid
A
Enthalpy, Jkg
Fig. 1.2
Sensible Heat - Polints A and B

The enthalpy of the liquid ¥s often referred to as "sensible heat".
‘Sensible’ because the addition of heat to the 1iquid 1s observed by
a temperature rise. The sensible heat range ts the enthalpy of
11quid 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".

Subcooled Liquid

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

Saturated Liquid - Point B
"Saturated liguid" is 1iquid which has received enough heat that it
exists at the saturation temperature, t We use the term

'saturated’ because the ligquid cannot agéorb any more heat without
the 1iquid starting to turn into vapour.

Saturated Steam - Point C

"Saturated steam" is steam which has no liguld left and is saturated
with the amount of heat which was required to change from a liquid
at point 'B' to saturated vapour at point 'C'. Again it is '
saturated with heat because if any more heat was added the
temperature would no longer remaln constant but would start to rise
again.
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The heat which has to be added from point 'B' to point 'C' is called
the latent heat of vapourjzation. ‘'Latent’ or hidden because there
1s no temperature change to indicate that heat addition is
occurring. The water is changing its state from 1iquid to vapour.

Het Steam - Between Points B and C

"Wet steam" is steam which exists at the saturation temperature and
may be anywhere between points B and C. If there is a lot of liquid
in the mixture the condition of the steam will be close to B. If
there 15 little moisture in the steam the condition will be close to
C. Another way of describing wet steam 1s to say that this is steam
which has not received ail its latent heat. It is a mixture of fine
moisture droplets and water vapour existing at the saturatton
temperature tg.

D
Saturated
Liguid Superheated
Steom
e .
Temperature, / Wet
°c Steam
- B . C '

b v - : J‘-...\_ aturated
L————laiem Heot Jor Steam

A
Enthalpy, J kg
Fig. 1.3
Superheated Steam - Between Points C and D

"Superheated steam" is steam which has recetved all its latent heat
and has been further heated so that its temperature is above tg.

The steam behaves 1ike a gas once it is more than approximately 50°C
above the saturation temperature.

Heat Transfer Mechanisms

There are three main mechanisms of heat transfer: conduction,
convection, and radiation. Heat ts transferrred from a higher
temperature substance to a lower temperature substance by at least
one of these mechanisms. Let us look a little more closely at each
mechanism.
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Conduction

Conductton 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 1ight water side.

Convection

Convection involves heat transfer that 1s accomplished by the
movement of a fluid. As the fluld moves, Jt-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
fluid as heat transfer occurs. For example, as the water in
the botler is heated, 1t vapourizes to produce steam, which
has a much lower density than the surrounding water. The
steam thus rises through the water to the top of the botller,

- carrying the heat added to it by the primary heat transport
system.

(b) Forced Convection: Thils type of convection makes use of
pressure differences to force the fluid to move. The pressure
differences are generated by equipment such as pumps, fans,
and compressors. For example, the condenser cooling water is
pumped through the condenser, picking up heat from the steam
exhausted from the turbine and carrying the heat out to the
lake. ‘

Radiation

The particles of a substance, because of exclitation due to
temperature, emit electromagnetic energy in the infrared range.
This radiant energy that is emitted transfers heat from the
substance. Heat is only transferred by radiation in significant
amounts from high temperature sources. An example of heat transfer
by radiation is the heat transferred through the film surrounding a
fuel bundle when film boiling occurs and heat transfer due to forced
convectton is very small because of the massive reduction in the
heat transfer coeffictent when the D0 changes from 1iquid to
vapour. Inftially, the heat transfer is by conduction through the
vapour but the thermal conductivity of D;0 vapour 1s very low.

The fuel sheath temperature thus rises, and as it rises, more and
more heat is transferred by radiation.

Answer these questions and compare your answers with those at the
end of the course.
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Draw the graph of temperature against enthalpy for heat
additton at constant pressure for water.

(a) Label the axes.

(b). Indicate sensible - heat region.

(c) Indicate latent heat region.

(d) Mark the saturation temperature.

(e} Indicate the subcooled regions.

(f) Mark the point for saturated liquid.
(g) Mark the point for saturated steam.
(h)  Indicate the superheated region.

(1) Indicate the wet steam range.

When you have done this turn to the end of the moduie and

check your answers.

When you have labelled the dlagram correctIy. describe the

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

(a) Saturation temperature.

(b> Sensible heat.

(¢ Latent heat of Vapourization.
(d> Subcooled 1iquid.

(e) Saturated liquid.

(f) Saturated steam.

(g> Superheated steam.

(h)  Het steam.

Explain the following heat transfer mechanisms in your own

words and give an example of each mechanfism:

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

* W ok k%

KHeat Transfer and Cm”]]g of the Fuet

Mahy of the heat transfer processes associated with our CANDU power
plants occur in a liquid medium and one of the most crucial,

respect to reactor operation, is removal of heat from the fuel.
this section we will examine this process in more detall.

—9- 0041k 4
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Different heat transfer mechanisms are involved in cooling the fuel
elements. Heat generated In the fuel pellets is transferred to the
outer surface of the sheath by conduction. Assuming that no
excessive boiling is occurring, removal of this heat by the coolant,
ie, heat transport D0, is through

(a) forced convection when the heat transport flutd is circulated
by pump, eg, HT, SDC, ECI, or

(b) natural convection (thermosyphoning) when no pumps are
avaflable to circulate the heat transport fiuld.

Let us look more carefully at the convective heat transfer process
focusing on the occurrence of botling in the coolant and the
consequent effects on heat transfer and reactor operation.

Boiling is a process of evaporation associated with vapour bubbles
“in a liguid. Figure 1.4 §1lustrates natural! convection boiling in a
pool of tiquid (at atmospheric pressure and saturation temperature)
heated by a flat plate at higher temperature. Heat flux (Q/A} which
is the rate of heat transferred per unit surface area, is piotted
against the difference in temperature between the heated plate or
wail (Ty) and the saturation temperature (Tga4). The slope of

the resulting curve represents the heat trans er coefficient.

General characteristics of this type of boiling can.be applied to
forced convection boiling at various flow velocities and to other
pressure and temperature condttions.

E)
CRITICAL —
HEAT
FLUX ,
" I
23 -
g Eg eol5, ! =
oJ w g <u| 3v I vh
L) | w - ) Z0
a2 =25 g | =55
A, 23 3s! %35 | Z&%
A %8 Za | I8 L - =
i 1 1
1 10 106 1000

LOG (Ty, — Teqe) °C \
Figure 1.4 Boiling Regimes (Note log scales are used)
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The process curve can be divided into four regions based on the
mechanism of heat transfer. In the region A-B, single phase liguid
convection is the mode of heat transfer. The temperature of the
heating plate or wall is only slightly higher than the 1iquid
saturation temperature and there 1s no boiling or hubble formation.

As the temperature difference (T“—T at) increases (region B-C)
nucleate boiling ts initiated. ?
9f_buhh1g;_3I_;nggifighnuslgaiign_sixgs on the heating Surface The
vigorous mixing caused by the formation and rising of vapour bubbles

in this region than
In reglon A-B (evidenced by the increased slope of the boiling
curve), The peak nucleate boiling heat flux, called "critical heat
flux," 1s reached when so many nucleation sites become active and
the bubbles so dense, that a vapour film forms over the heating
surface preventing the flow of ltquid to the surface.

When the “"critical heat flux" is reached convective heat transfer
decreases and eventually conduction and radiation predominate. The
consequence ts that in region C-D, despite the increased temperature
differential, the heat flux decreases. The vapour film established
1s unstable in this region. It snLgAd1_Q1ez_a_nari_gf_ing_ngaxlng
face, breaks down, |
is reestablished. This characterizes partial film botling.

At even higher values of (Ty~Tgat), the heat transfer mechanism
becomes more stable and the hea transfer coefficient begins to rise
again but more siowly than in the nucleate boiling region, B-C. 1In
region D-E, film boiling is stabilized and the heating surface is
entirely covered by a thin layer of vapour. This condition is known
as "dry out" and must be avoided. It is dangerous because in trying
to attain the same high heat fluxes established under nucleate
bolling, the heating surface temperature may become so excessive
that 1t is above the melting point of the material.

If nuctear fuel is used as the heat source, operating at or near the
critical heat flux region will impose thermal stresses on the fuel
and fuel sheath due to the rapid changes in the heat transfer
mechanism. This 1s further complicated by the varying nature of the
neutron flux.

Using Figure 1.4 we have Just described the process of natural
convection bolling at atmospheric pressure and saturation
temperature. The actual process in a fuel channel deviates from
this simple model in many ways such as:

(a) the process is by forced convection
(b) pressures are much higher

- 11 - 0041k4
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{¢) coolant enters the channel subcooled’
(d) the shape of the heat transfer surface is more compiex, and
(e) heat filux within the fuel channel 1s not uniform.

A1l these factors complicate the conditions present during boiling
and tmpair our ability to predict critical heat flux and dry out
more than in the case of pool boiling.

The practical conclusions that can be drawn from the above
discussion are

(a) limited nucleate boiling (at a heat flux well betow the
critical heat flux) improves heat transfer due to the vigorous
mixing of the fluid by the vapour bubbles. This 1s why most
CANDU reactors have been designed for thts mode of boiling
occurring in some fuel channels at high power, and

(b) excessive nucleate boiling (at a heat flux too close to the
critical heat flux) jeopardizes fuel safety since even a smal}
increase tn heat load can easily convert such bolling to film
bol1ing and eventually dry out with overheating of fuel and
Fuel fallures.

Ql.4 Explain 1n your own words the following:

(a) Nucleate boiling.
(b)Y Partial film boiling

(c) Dry out.
(dY Critical heat flux
Compressed Gas

Gas is compressed for a varilety of reasons: to reduce 1ts volume
for storage, to raise its energy level so that it may provide usefu1
work, and to ratse 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 supplying the energy for the compression
work done. The mechanical energy used in the compressor raises the
gas pressure and increases the average kinetic energy of the
molecules and hence the gas temperature. In addition, a smaller
amount of frictional heat is generated by the turbulence of the
compression process further increasing molecular motion and hence
temperature. The net effect of this heat (seen as increased gas
temperature) during compression is to decrease the compressive

- effect, fe, reduce or offset the decrease in volume caused by
compression, .

- 12 - 0041k4



225 - 1

It is important to reduce the gas voiume so that the size of the
receiver is not unreasonable for the mass of gas which is required
to be stored. The volume of the gas 1s reduced by cooling the gas
using "after cooler” 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 Dy0 storage tank and the moderator cover gas
system. In both these systems, an increase in temperature will
cause the gas pressure to rise and resuit in bleeding of gas from
the system. Equally a cooling of the gas will cause the pressure to
fall and result in gas being Yed to the system.

.5 Explain why gas Increases 1n temperature when compressed and
why an after cooler ts necessary.

01.6 Explain the effect of heating a closed volume of gas and
f1lustrate your answer with an apptication In the station.

Check your answers at the end of the course.

LI BN B B

Gas 1s a compressible fluid and requires Targe amounts of energy to
ratse the pressure.

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

Thits is the reason that pressure testing should not be performed
using fluids that need very high energy input to ratse their
pressure, ie, gases and vapours. Fluids that do not need high
energy input for compression, te, 1iquids, should be used so that 1f
t?eisy?tem being pressure tested falls, the release of energy is
minimal.

SiQtﬁgﬂ_Qf_ﬁﬂiﬁi

Gases may be stored as liquids or compressed gas depending upon the
saturation temperature at the pressure involved. If the saturation
temperature is well below ambient values, then the gas wiil probably
be stored as compressed gas. If the gas has a saturation
temperature equal to ambitent or above, then the gas will probably be
stored as a liquid.

- 13 - 0041k4
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It is important to know when a gas cylinder 1s becoming empty so
that the cylinder remains uncontaminated. If the cylinder is
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 conditions if the gas is flammabie.

As the gas is used from a cylinder of compressed gas, the pressure
falls as the mass of gas in the cylinder decreases. The cylinder
should be jsolated from service when there is still a positive
pressure in the cylinder with respect 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",

The'pressure in a liguefied gas cylinder does pot change as gas 1s
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 wetghed.

01.7 Explaln why compressed gas should not be used for pressure
testing.

Q1.8  Explain why gas cylinders should not be allowed to empty
completely. :

Q1.9 State how you would determine the contents of a compressed
air and a Tiquefied gas cylinder.

k & ok ok &
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MODULE 1 - ANSHERS
Q1
- 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,

Q = 1300 x 106 ]

C « 4.18 x 103 J/kg°C

AT = 11°C

thus m = 1300 x 10° kg
4.18 x 10° x 11

= 28.3 x 103 kg of CCH every second

Q1.2
Soturated
Liquid Superheated
Steam
Temperature,
Oc Sensible | :Vﬂ —
ensi tegm
" Keot
t, 4+~ = — - = h]‘ng_SOhnaled
L———ldlem Heat ol Steam
Subcooied
Liquid
énfholpy; J/“kg
Fig. 1.5
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(a)

()

(¢)

(d)

(a)

(b}

(¢c)

(d)

Conduction of heat occurs through a material from the higher
temperature to the lower temperature without movement of the
motecules, eg, heat conducted through the fuel sheath.

Natural Convection of heat occurs due to the movement of fluid
caused by density difference, eg, the thermosyphoning of the
PHT system when the PHT pumps are shutdown:

Forced Convection of-heat occurs due to the.movement of fluid
which is caused by pressure difference due to pumps, fans, etc
eg, the heat is removed from the fuel bundles under normal
power operation by forced convection.

Radiation of heat energy occurs from relattvely hot materials
due to electromagnetic radiation eg, the majority of heat from
a fuel bundle is transferred by radiation when the bundle {is
surrounded by vapour as in film bolling.

ing is characterized by the formation of bubbles
at specific nucleation sites on the heating surface. As the
vapour bubbles rise from the heating surface they cause mixing
in the 1iquid and subsequently increase the heat transfer
coefficient.

Partial film boiling 1s characterized by the formation,
breakdown and re-establishment of a vapour film on the heating
surface. There are so many active nucleation sites on the
heating surface that the vapour bubbles coalesce to form an
unstable f1lm on the heating surface. The heat transfer
coefficient decreases.

Dry out is the term used to describe the formation of a stable
film of vapour on the heating surface. It is dangerous to
establish this condition because the heating surface
temperature must be very high (even approaching the melting
point) in order to attain high heat fiuxes.

Critical heat flux is the peak heat flux reached under

nucleate boiling conditions. It represents the point where so
many nucieation sites become active and the vapour bubbles so
dense that a vapour film tends to form on the heating surface.
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Q1.5

The increase tn molecular kinetic energy during compression causes
the gas temperature to rise which tends to increase the volume of
the compressed gas partially offsetting the compression effect. The
volume 1s reduced using an after cooler, after the compressor and
before the recefver, to reduce the size of the receiver.

Q1.6

A closed volume of gas will increase in pressure as the temperature
rises. In a closed system which requires a constant pressure, this
results 1n gas being bled from the system. An example occurs when
the moderator temperature rises causing the cover gas pressure to
rise and resulits in the operation of the bleed valves.

Q.7

Gas 1s a compressible fluld and requires a large amount of energy to
ralse its pressure. Most of this energy is recoverable and if the
system being pressured tested was to fail, the resuit would be an
explosion. Incompressible fluids, te, liquids require 1ittle energy
to raise their pressure and should be used for pressure testing.

Q1.8

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

01.9
A compressed gas cylinder may be checked for contents by pressure.
A liquified gas cylinder may only be checked for contents by weight.

LI B I I
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Course Objectives

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

- {a) Subcooled Water.
{b) Saturated HWater.
(c) Het Steam.

(d) Saturated Steam.
(e) Superheated Steam.

2. Given the initiail and final state of water and two out of three
of the following parameters: pressure, temperature, enthalpy,

you will be able to perform simplte calculations to determine
the third quantity.

3. Briefly describe the process of "steam hammer® and explain why
it is a problem and how 1t may be avoided.

Epahling Objectives

1. Glven changes of temperature, pressure and enthalpy, you will
be able to determine the corresponding changes in volume.
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STEAM TABLES

The steam tables provide us with a very effective means of
guantifying operating conditions and while we know that you don't
use them on a regular basis as part of your job they provide a
useful aid to Investigating operating conditions.

You should have a copy of steam tables as part of the module. The
units for the tables are mainly S.I1. which may be a new experlence
for some of us. Turn to page 4 in the first set of steam tables.

You will see a whole series of columns under a variety of headings.

TABLE { ~ SATURATION LINE (TEMPERATURE)

Temp. Abs.Press. Spacific Enthalpy " Specific Entropy Spacific Volume Toemp.

°c ber kd/kg kJiug °C dm/xg °c

t h

f e, p h fo h’ 5 5 9 :' vy v o v, t,
100.0 1.013 4191 22669 263.'6.0 1.3089 6.0485 . 7.3554 1.0437 1672.0 1873.0 100.0
100.5 1.031% 4212 22556 26768 1.312% 6.0369 7.3494 1.0447 16443 1545.3 100.5
101.0 1,080 423.3 22643 26776 1.3182 6.0252 7.0434 1.0445 1617.2 1618.2 1M01.0
101.5 1.0689 4254 22629 2678.3 1.3238 6.01368 7.3374 1.0449 1590.8 1591.6 0.5
102.0 1.088 4275 22816 26791 1.3294 6.0020 7.3316 1.0453 1564.5 1565.5 102.0
102.5 1.107 - 4296 22503 26794 13350 59905 7.3265 1.6457 16389 1540.0 1025
103.¢ . 1.127 431,7 22489 2680.7 1.3406 5.9790 7.3196 1.0461 1513.8 15149 103.0
035 1.147 4338 22476 2681.4 1.3462 59675 7.2137 1.0465 1489.2. 1490.3. 103.5.
104.¢ 1.167 4359 22463 26822 1.3618 59560 7.3078 1.0468 14661 1466.2° 104,06
1045 1.3 37_ 438.1 22449 2683.0 1.3574 59448 7.3020 1.0473 1441.4 14425 104 5

The steam tables may be using a reference of pressure or temperature
depending purely upon convenience. You will recail that in the
'‘Basics' module,. when we were discussing temperature, we read that
as temperature 1increased so the force exerted by the molecules of
the fluid on the contalnment increased and this was in fact the
increase of pressure. In a saturated system, Ve, a system operating
between saturated liqutd and saturated steam, pressure and
temperature are unique and interdependent, le, if you knew the
pressure of the system you could look up the saturation temperature
at which the system was operating. Equally, if you knew the
temperature you could Took up the saturation pressure at which the
system was operating.

Jemperature

The temperature of the fluid is shown in the extreme left hand
column. This ts in fact the saturation temperature and as you can
see, is measured in °C. '

-1- 0040k 4



TABLEﬁ ~ SATURATION LINE (TEMPERATURE)

Specific Enthalpy Specific Entropy Spacific Volume Tomp.

kJdikg ) kJ/kg °C dam3 g °¢

h P h % h’ :f § o l’ v ¢ ¥ A vg r‘
4194 22589 2676.0 1.3069 6.04856 7.36554 1.0437 18720 16730 100.0
4212 22556 2676.8 1.3126 6.0369 7.3494 1.0441 1644.3 1645.3 100.5
4233 22543 25677.6 1.3182 6.0252 7.3434 1.0445 1617.2 16182 1.0
4254 22529 2678.3 1.3238 8.0136 7.3374 1.0449 15906 15816 101,56
42756 22516 2879.1 13204 6.0020 73316 1.0453 1564.5 1565.5 102.0
4296 22503 26799 1.3350 598905 7.3255 1.0457 15389 15400 1025
4317 22480 2580.7 13406 59790 7.3196 1.0451 15138:; 15149 103.0
4338 22476 26814 1.3462 5.967% 7.3137 1.0466 14892 14903 1035
4359 2246.3 2682.2 1.3518 59560 7.3078 1.0460  1465.1 1466.2 104.0
438.1 22449 2683.0 1.3574 59448 7.3020 1.0473 14414 1442, 5 1045

The pressure upon which the steam tables is based is absolute
pressure. A sllght confusion aritses here because the pressure 1Is
measured in 'bar' which is roughly one atmosphere.

TABLE 1 — SATURATION LINE (TEMPERATURE}

Temp. Spacific Enthelpy Specific Entropy Spacific Volume Tll'l'lp
°c kJ/kg : kikg °C dm3/kp °c
.. r‘ § &f hf? ﬁ" L ‘fp :‘ ¥ rf' ) rg r‘
100.0 419.1 22569 26760 1.3068 6.0486 7.3554 1.0437 1672.0 1673.0 100.0
100.5 4212 22556 2876.8 13125 6.0368 73494 1.0441 1644.3 1645.3 100.5
101.0 4233 22543 1267716 1.3182 8.0252 7.3434 1.0445 1617.2 1618.2 101.0
101.5 4254 226289 26783 1,3238 60136 7.3374 1.0449 1580.6 1591.6 1015
102.0 4275 22516 2679.1 1.3204 60020 7.33%5 1.0453 1564.5 1565.5 102.0
102.5 4296 22503 26799 1.3350 5.9905 7.3255 1.0457 15389 1540.0 1025
103.0 431.7 22489 2680.7 1.3406 58790 7.3196 1.0461 1513.8 15149 103.0
1035 4338 22478 26814 1.3462 59675 1.3137 1.0465 1489.2 1490.3 103.5
104.0 4359 22463 26822 1.3518 5.5560 7.3078 1.0469 1465.1 1466.2 104.0
104.5 4381 22449 268310 1.3674 5.9445 7.3020 1.0473 1441.4 14425 104.5

Fortunately there is a reasonable conversion, 1 bar = 100 kPa(a).
So, 1f we know the pressure kPa(a) we can divide by 100 to get the
pressure In bar. For example, if the steam pressure to the turbine

is 4 MPa then the pressure in bar = 4 x 10 kPa = 4_{6%999 bar = 40 bar.

-2 - 0040k4



225 - 2

This pressure is the saturation pressure corresponding to that
temperature. For example, if the turbine is being fed with
saturated steam at 200°C, we can determine the steam pressure. Keep
looking down the temperature column, over the pages, until you reach
tg = 200°C. 1In the next column the saturation pressure is quoted

as 15.549 bar.

Abs.Press. Spacific Enthelpy : Specific Entropy Specific Veolume Temp
bar . kJ/ky kg °C dm3fky °c

A h h
P, p . o & ‘Y : vy o Y L,
Bl 8524 19386 27909 2.3307 4.0871 6.4278 1.1585 12600 127.16 204.0
8568 15346 2791% 23401 4.0802 64203 1,1580 123.46 124862 201.0
8614 18307 27921 23495 40633 64128 11896 12087 12212 2020
865.8 19267 27927 2.3590 4.0464 6.4054 11612 11855 119.71 203.0
8705 19228 27932 23684 40296 63980 1.1828 11618 117.34 204.0

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

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

Q2.1 Water is heated to produce saturated steam at 135°C.
Determine the pressure of the steam.

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

Q2.3 The temperature in a steam generator has to be raised to
140.0°C. HWhat is the pressure in the steam generator at
this temperature?

* k & k %

Sensible Heat

You will recall from module .1  that when sensible heat .is applied
to the 11quid state it causes a change of temperature. The enthalpy
of the 11quid state is determined by its temperature primarily, fe,
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 ligquid 1s 'hg' and the untts are
kJ/kg.
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Examples

Feedwater enters a boiler a 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
11quid? Right, so look up in Table 1 until you find tg = 175°C.

Now read across to column hg where heg = 741.1 kJ/kg.

Abg Pross. Spacific Enthalpy Specific Entropy * Specific Volume

Tomp.

bar . kJikg-. ~ kdfkg. °C im? /g °c
h’ 5 s" l,_ Ve 'fp lf’ t‘

27718 - 20906 45314 6.622) 11209 21542 21654 176.0

27727 2.1004 45136 68140 11222  21063. 21178 176.0

277326 21101 44858 6.6059 11238 20596 207.08 177.0

27745 21198 44780 62079 11248 201.41 20254 178.0

2775.4 21206 44803 65800 11262 19698 198.11 179.0

Try these examples:

Q2.4 Condensate Teaves the condensate extraction pump at 36°C.
Determine the enthalpy of the condensate.

Q.2 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 1iquid.

Q2.8 A steam generator operates at 4.11 MPaca). The feedwater
entering the steam generator is subcooled by 65°C, ie, 65°C
below tg. Determine the enthalpy of the feedwater.

Q2.7 Heat is added to the feedwater i1n the feedheaters and
- deaerator. If the initfal temperature of the feedwater was
35°C and the suction to the boller 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.

® ok Rk % R

Latent Heat of Vapourization

This is the amount of heat required to effect a complete change of
state from saturated 1iquid to saturated vapour or from vapour to
saturated 1igquid. Although the value of latent heat appears under
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the heading of specific enthalpy - it 1s 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
1s hgg and the units are again kJ/kg. The suffix 'fg' denotes
trans?tion from a flutd to a gas; that happens to be the way the
symbol 1s written. :

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 ty = 140°C. If the feedwater is saturated it
is already at 140°C and only the latent heat has to be added. Look
across at column hggq and hyg = 2144 kJ/kg and the steam pressure

Is the saturation pgessure gf 3.614 bar.

Teme. Abs.Prem, Specific Enthalpy Specitic Entropy Specific Voiumae Tamg
°c bar ) kJikg ki/kg °C dm3/kg - “c
t ] h -
. p‘ f iy h’ s f 9 s’ v v 9 vl? r‘ .
%7 4 589.1. 1440 27331 1.7380 5.1894 6.9284 1.0801 ~ 507.41 508.49 140.0
581.3 21425 2733.7 . 1.7442 5795 6.9237 1.0806 500,71 501.79 1405
5934 21409 27343 1.7493 5.1698 £.9190 1.0811 494,11 495 19 141.0
5855 21394 27356.0 1.75456 B5.1597 6£.9142 1.0816 43781 488.69 1415
5877 21379 27386 17597 5.1499 6.9095 1.0821 481.22 48230 1420

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

Q2.8 Saturated steam 1s produced from a steam generator at a
: pressure of 5 MPa(a). 'The feedwater entering the steam
generator 1s saturated. Determine the temperature of the
feedwater, the temperature of the steam and the amount of
heat which has to be added in the steam generator In order
to produce the saturated steam. (Remember that 5 MPa(a) is
equal to 50 bars.)

Q2.9 A condenser produces condensate at 32°C from saturated
steam. There 1s no subcooling of the condensate. Determine
the amount of heat which must be removed from the steam in
the condenser and the condenser pressure.

* 0k ® Rk W
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Enthalpy of Saturated Steam

This is the total amount of heat that the saturated steam possesses
This quantity is shown under the column

when measured from 0°C.

labelled 'hy' -~ total heat in the 'gas'.
show that hg is the sum of hg and heg.

A closer inspection will

Tomp. Abs.Prem, © Spwsific Enthelpy Specific Entropy Specific Volums Tomp
ki/kg °C dim?3 /ug °c

., .'f' ':’ v Y% Y .

24247 39293 6.3539 1.1726 10307 10424 210.0

24340 39126 63468 11743 10105 10223 211.0

. 24434 338960 6.3304 1.1760  99.09. 100.26 2120
2120 20.249 15 27975 24527 23794 6€.33N 11777 97962 98340 213.0
2140 20.651 918.0 27978 24620 38620 63249 11794 95282 96.462 214.0

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, our major aid in this area, is the
temperature enthalpy diagram.

Temperature,

Enthalpy,
Fig. 2.1

: .l/‘(g
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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 1s happening in the process before
you can use the tables. The temperature/enthalpy dtagram 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 examptes, let's consider some of the aspects
of the steam tables.

1.  Hhat happens to the saturation temperature as the pressure
increases?

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

3. MWhat happens to the latent heat as pressure increases?

4. HWhat happens to the enthalpy of saturated steam as pressure
increases? Have a look at the steam tables before you read any
further, and see 1f you can fully answer these four questions.

Temperature

As the pressure increases, so the saturation temperature increases
until 1t 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.

Satuyrated Liquid

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 value of latent heat is zero. The
significance of this fact 1s that there is now no gradual transition
while steam is being generated. As soon as the 1iguid 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 1s not an area with which we
have any continuing concern but explains why hfg goes to zero at
thts pressure. _ -
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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
Joining a¥l the saturated tiquid points and all the saturated steam.

points.
Superheated
Steam
Remperature
o Wet Steam
C .
Saturated
Liguid Soturated
Steom
10.0 bar

1.013 bar

' /..._ Latent Heat 7

Enthalpy, kiskg

Fig. 2.2
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On this dlagram we can see the saturation temperature increasing,
and the Jatent heat reducing as the critical pressure is approached.

tet'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 examine the
process. We know that the steam is saturated at 4 MPa(a), which
translates to 40 bar. At 40 bar the saturation temperature is a
Tittle over 250°C. The feedwater ts subcooled when 1t enters the
steam generator. Drawing the temperature enthalpy dlagram we
produce the following:

Temperoture,

250} = = = = = = A

]75 ——————

Enthalpy, J/kg
Fig. 2.3

The process starting point is A where the enthalpy of the liquid is
h¢ @ 175°C (hE]75). The completion point is at B where the
enthalpy of the saturated steam s hg at 250°C (hgz50).

The amount of heat to be added in the steam generator is the
difference between points 8 and A.
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Thus heat to be added = hga50 - hfy75
Using steam tables,
hgzgg = 2800.4 kJ/kg
heyys = 741.7 kd/kg
Thus Q = 2840.4 - 741.1
= 2059.3 kd/kg

Before you try some examples, Just examine-Table 2 of the steam
tables. They are based on exactly the same layout at Table 1,
except that they use even steps of pressure as the base instead of
temperature. HWhich one do you choose? The answer is simple.

Whichever one sults youv LLtns__tsmnsr_aj:uL&_Ls_qup_ted_m_mu
dggmss_uh]_&._l J.Lthg_n.te.s.sm:e_u_qugnd_ln_unole_numm

Try these examples. the answers to which are at the end of the
medule. I would suggest you draw a partlal temperature/enthaipy
curve to 11lustrate the condition.

Q2.10 Saturated water at 30 bar 1s cooled to a temperature that 1s
108°C below the saturation temperature. How much heat has
been removed?

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

02.12 An oll cooler has cooling water'éntering at 17°C and leaving
at 41°C. Determine the increase in the enthalpy of the
water.

02.13 A condenser at 5 kPa(a) receives saturated steam. The
condensate 1s subcooled by 5°C. Determine how much heat is
rejected to the condenser per kg of steam.

ok & W &

- 10 - 0040k4



Enthalpy of Wet Steam

You may recall from the 'Basics' Module 1. that we could describe
'wet steam' as steam which had not received all its latent heat of
vapourization. This ts a little contradictory and 1t would be more
accurate to describe wet steam as a mixture of water droplets and
vapour, both at the saturation temperature.

Only the vapour has received its latent heat of vapourization. How
much Jatent heat will] the wet steam receive? That depends upon the
proportion of vapour tn the mixture. If 70% of the mixture by
welght is vapour, then 70% of the latent heat has been added and a
further 30% has to be added before the droplets have all been
converted Iinto vapour and we have saturated steam. Determining the
enthalpy of wet steam requires one more step in the calculation than
previously.

In practice, we often use names and terminology which makes
understanding unnecessarily complicated. For example, we taik 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 welght of 1iquid plus vapour.
q__,mJeJ_qm:..QL'upgur_u_Qo_._

wetght of vapour + weight of 1iqutd
If the dryness fraction is 80% then 80% of the mixture 1s saturated
vapour and equally 80% of the latent heat must have been added.
Equally, 20% of the mixture ts saturated liquid.

Let's Took agaln at the temperature enthalpy diagram to see how we
determine the enthalpy of the wet steam.
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Temperature,

L) : '
= : 80% 20%

Enthalpy, J/kg
Fig. 2.4

Suppose point B represents wet steam having a dryness of 80%. At
point A the enthalpy is hg of the l11quid. At a point of 80% along
the line AC we will have added 80% of hfg Consequently. the
enthalpy of the 80% dry steam will be hg'+ 0.8 hyy.

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

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

Using Table 2 hg at 40 bar = 1087.4 kJ/kg
and hgg = 1712.9 kd/kg

Thus enthalpy of steam = 1087.4 + 0.85 x 1712.9 kJ/kg
.= 1087.4 + 1456 kd/kg
= 2543.4 kJ/kg
Do these exercises. The answers are at the end of the module.

02.14 A low pressure turbine exhausts steam at 12% moisture and at
a pressure of 6 kPa(a). Determine the enthalpy of the steam.
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Q2.15 4 kg of liquid are removed from a molsture separator. If
the steam was 88% dry, what was the mass of wet steam
entering the moisture separator? Assume that the steam
leaving the moisture separator 1s saturated.

02.16 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.

Q2.17 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.

02.18 A condenser receives 12% wet steam at 35°C. The condensate
¥s subcooled by 5°C. Determine how much heat has been
removed tn the condenser.

02.19 Feedwater enters a steam generator at 160°C and 1s converted
fnto steam having a saturation temperature of 220°C. The
heat supplied by the steam generator is 1900 kJ per kilogram
of steam. Determine the dryness fraction of the steam.

% k kR
Superheated Steam
In module 1 on 'Basics’, we'define superheated steam as steam
which exists at a temperature above the saturation temperature.

Steam Tables 1 and 2 only deal with saturated conditions; so another
set of tables is required for superheated steam.

Tabte 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.
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TABLE 3 - PROPERTIES OF WATER AND STEAM

fabslbar 2.0 a0 e 5.0 5.0 7.0
" ——

4y c 120.2 1335 F: ti it 151.8 - 158.0 16540
i’ v h T v Ao h & h ] h v
S41. Liguid 5047 1.530 1.0G1 BG4 1.872 1.4ara , # B40.1 1.360 1.083 K704 T.931 1.10% &97.1 7982 1.16
Sat. Vapour 7327 BB & 28 8,991 Birs.6 . H 2748 e.819 3747 2758 6.758 3155 g2 G705 272

t e B
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Consider the column under the pressure heading of 4.0 (bar). The
next 1ine Tists the saturation temperature for that pressure, le, at
4.0 (bar) the t; 1s 143.6°C. The next two 1ines contain three ‘
headings and we are only interested in the enthalpy column headed
'h*'. The enthalpy of the saturated 1iquid and vapour ts shown. In
our i1lustration at 4.0 (bar) hf = 604.7 kJ/kg and hg = 2738 kJ/kg.

All this information is readily available from Tables 1 and 2. Now
we have the difference. We have already seen that the saturation
temperature at 4.0.Cbar) 15 143.6°C. Suppose we have steam at

4.0 bar and at a temperature of 300°C. 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 moisture 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 reheater.

Again we can use the temperature/enthalpy diagram to iliustrate the
conditions. .
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Enthalpy, J/kg
Fig. 2.5

The initial condition is at potnt 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 temperature 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) w 2896.6 kJ/kg

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

Final enthalpy - inltial enthalpy = heat added in the reheater.
(b 2896.6 - 2776 = 120.6 kJ/kg

- 15 - 0040k4



225 -2
Do these examptes, the-answers are at the end of the module.

Q2.20 Determine the enthalpy of steam at 20 bar and a temperature
of 375°C. - '

02.21 380 kJ of heat are added to 1 kg of 15% wet steam at 8 bar.
Determine. the temperature of the final steam.

* N &k * W

Before we proceed, with the course matertal, do the following
exercises in preparation for the criterion test.

02.22 Given the following information, 1dentify the states of
water as:

subcooled 1iquid
saturated liquid
wet steam
saturated steam
or superheated steam.

—Enthaipy Temperature __Pressure
(a) 561.4 kJ/kg 133.5°C 3.0 bar
(b) 2323 kJ/kg 32.9°C 0.05 bar
(¢) 2855 ki/kg 200°C 5.0 bar
(d) 2538.2 kJ/kg 20°C 0.02337 bar
(e)  12.7 kI/kg 30°C 0.07375 bar

02.23 Feedwater enters a steam generator at 180°C and 1s converted
into steam with 4% moisture at 260°C. How much heat s
added in the steam generator per kg of steam?

Q2.24 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.

k kR & ¥
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Volume of Liquid 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 1iquids and vapours. In the specific process of adding the
latent heat of vapourization the change 1n 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 is
headed "Specific Volume."

In the S.1I. system there are two acceptable volume measurements:
(a) the cubic meter - 'm3’

(b> the liter which is one thousandth of a cubic meter - '7'.

Ths steam tables use the liter which they call the cubtc decimeter -
dm>.

Yolume of Liquid

The volume of tiquid per kilogram is found undey the column headed
veg - volume of fluid.

Example

Determine the volume of 30 kg of water at 55°C.

Looking at Table 1, at temperature tg = 55°C, select the value of
vg = 1.0145 £/kg. Thus 30 kg will occupy 30 x 1.0145 ¢ =

30.435 ¢, :

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

Q2.25 A tank holds 3 m3 of water at 90°C. How many kg of water
are in the tank? _

02.26 Condensate at 36°C is heated to 175°C in the feedheating
-system. Determine the percentage increase in volume of the
feedwater.

* ok & Nk
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Yolume of Saturated Steam

There s a large increase in the volume of working fluid as the
transition from 11quid to vapour occurs. This is particularly true
of vapour at low pressures. The volume of saturated steam 15 shown
in the steam tables, sti11 looking at Table 1, under column vVg-

Example

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

Using Tabhle 1, Vg at 80°C =-3409.1 7z/kg and vg =-1.0292 ¢/kg.

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

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

Q2.27 Feedwater enters the steam generator at 175°C. The steam
leaving the steam generator 1s saturated steam at 250°C.
Determine the volume increase that occurs within the steam
generator. :

Q02.28 Saturated steam at 40°C 1s condensed to subcooled liquid at
35°C. Determine the volume reduction.

& &k & Kk X

-

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 1iquid plus the dryness fraction
muttiplied by the change in specific volume when going from 1iguid
to vapour, le, v = vf + qvfg.
Example
Determine the volume of steam at 12% moisture and 165°C.
From Table 1, vg¢ = 1.1082 £/kg and veg = 271.29 £/kg.
Va Vf + QVfg

= 1.1082 + 0.88 x 271.29

- 239.8 ¢r/kg
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Do these probiems and check your answers at the end of the module.

Q2.29 Saturated steam at 250°C enters the hp turbine and steam
with 12% moisture teaves the Tow pressure turbine at a
pressure of 5 kPa(a). Compare the initial steam volume per
kg with the final volume.

02.30 The low pressure steam in question Q2.29 is condensed to
condensate which is subcooled by 3°C. Determine the volume
reduction which occurs in the condenser.

* k & & B

Steam Hammer

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

Steam hammer 1s éssoc1ated with hot pressurized water systems, and
is the result of continuous rapid vapour production and continuous
recondensation within the system.

The problem occurs in Tines which have large amounts-of pressurized
hot Tiquid that is reasonably close to the saturation temperature.
Imagine you have a line full of hot water at 160°C at a pressure of
1 MPada). The saturation temperature corresponding to 1 MPa(a) is
180°C which means that the Tiquid in the 1ine 15 subcooled and there
can be no vapour present.

Suppose there 1s no flow and we have to commission the circuit by
opening the downstream valve. Hhat will happen to the pressure in
the 1ine upstream when the valve 1s opened? It will fall. If the
pressure falls to the saturation pressure corresponding to 160 C,
fe, 618 KPa{a) vapour will be produced in the line.

The effect of producing vapour creates a momentary pressure increase
which results in some of the vapour recondensing. As the vapour
condenses, liquid moves in rapidly to occupy the low pressure volume
previousty occupied by the vapour and produces a shock or hammering
of the line.

The liquid shuttles to and fro in the 1ine with violent reaction
which can result 1n severe damage to pipework and valves.

In this overall process the pressure 1s unstable and fluctuating

rapidly, causing pockets of vapour to be produced and at the same
time causing other pockets of vapour to condense.
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The solution to this problem is to prevent the pressure falling 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 experienced, you know that the pressure in the itne is too
low and the flowrate should be reduced to raise the 1ine pressure
untit the line 1s free of liquid.

02.31 Briefly describe the process of "steam hammer" and explain
how it could be avoided. '

* .k Kk W

This module is perhaps the most demanding in this program. The
benefit of having worked your way through this material will become
apparent in later modules.
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MODULE 2 - ANSWERS
02.1

In Table 1 of the steam tables, find 135°C in the t¢ column. The
pressure corresponding to 135°C 1s found in the nexi coiumn on the
right, te, 3.131 bar.

Q.2

Find 1.985 bar in the p. column of Table 1. The saturation
temperature is 120°C. Boes the temperature of the steam fall as the
heat is removed from the saturated steam? No it does not. The
steam quality changes as the latent heat is removed making the steam
wetter but the temperature rematns the saturation temperature of
120°C.

2.3

Find 140°C in the tg column and the corresponding pressure is
3.614 bar.

02.4

Find 36°C in the column t.. Look at the value of enthalpy under
the column hg. The entha?py of the condensate 1s 150.7 kJ/kg.

Q2.5

The pressure of 4 MPa(a) s equal to a pressure of 40 bar. Finding
the nearest pressure to pg = 40 bar pg = 39.776 bar (Table 1).

The saturation temperature at 39.776 gar is 250°C and the enthalpy
of the 1iquid he 1s 1085.8 kdI/kg.

Note: The better method for answering this guestion 1s to use
Table 2 where interpolation i1s not necessary.

Q.6

The pressure of 4.11 MPa(a) is equatl to 41.1 bar. Looking down the
pg column for 41.1 we can see pg = 41.137 to the nearest

reading. The saturation temperature at this pressure is 252°C. If
the 1iquid is subcooled by 65°C it must be 65°C below the saturation
temperature. Thus, the temperature of the 1iquid entering the steam
generator 1s 252 - 65 = 187°C.
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The enthalpy of the 1iquid at 187°C may be found by looking at the.
value of hg when tg is 187°C and you can see the value of hg
is 794.2 kJ/kg.

Q.1

The tnitial enthalpy at 35°C 1s hg when ts = 35°C,
hg = 146.6 kJI/Kkg.

The final enthalpy at 126°C is hg¢ when tg = 126°C,
hg = 529.2 kd/kg.

So the amount of heat added 1s the difference, ie, 592.2 - 146.6 =
382.6 kl/kg.

2.8

A pressure of 5 MPa(a) is equal to 50 bar. The nearest pressure in
Table 1 is 50.071 bar. The saturation temperature at this pressure
i5.264°C. The feedwater is saturated so its temperature 1s 264°C.
The steam from the steam generator 1s saturated, so its temperature
is 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 hfg and hfg at 264°C s 1639.2 kJ/kg.

Q2.9

There is no subcooling of the condensate, therefore, the temperature
of the condensate 1s the: saturation temperature. The steam is
saturated and so the amount of heat that has to be removed to change
saturated steam into saturated 1iquid is again the latent heat of
vapourization. hggq at tg = 32°C 1s 2425.9 kJ/kg.

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

Q2.10

By sketching the temperature/enthalpy curve for 30 bar we can
examine the problem more closely.
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Temperature,
°c
30 bar
Enthalpy, Jkg
Fig. 2.6

At 30 bar the saturation temperature is 233.8°C from Table 2. The
Jiquid 1s subcooled by 108°C so its final temperature is 233.8 - 108
= 125.8°C. The enthalpy of the saturated liquid ts hg at 233.8°C
and the enthaipy of the 11quid at 125.8°C is hg at 125.8°C.
Consequently, the difference in the enthalptes represents the amount
of heat which has been removed.

hf233.8 = 1008.4 kJ/Kg
hf125.8 = 529.2 kd/kg
So the heat removed = 1008.4 - 592.2

= 479,2 kJ/kg
02.11
Again plot the two conditlons on the temperature enthalpy diagram.
The final condition is saturated steam at 186°C and the initial
condition is subcooled 11quid 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 ts tg = 147°C. Thus the temperature of the liquid is
147 - 20 = 127°C.
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Fig. 2.7

The enthalpy of the saturated steam is hg at 186°C. Using Table 1,
hg1ge = 2781.2 kJ/kg.

The enthalpy of liquid at 127°C if hgy at 127°C, again using Table 1}
he127 = 533.5 kJ/Kg.

So the amount of heat to be suppiied is the difference between the
final and.initial conditions, ie, hgigs - hf127

2781.2 - 533.5 = 2247.7 kd/kg.

Q2.12

The increase in enthalpy of the cooling water 1s the difference
between the enthalpy of the water at 41°C and the initial condition
of 17°C.

Enthalpy at 41°C = hf4'| =.171.6 kJ/kg

Enthalpy at 17°C = hgy7 = 71.3 kJ/kg

(Both values from Table 1)

Thys the increase = 171.6 - 71.3 = 100.3 kdJ/Kg.
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Q2.13

The condenser pressure is 5 kPa(a) which s 0.05 bar. From Table
the saturation temperature for this pressure is 32.9°C. The
condensate is subcooled 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.

Tempercture,
°c

A]though this is a removal of heat, the quantity involved is still
the difference between the initial and final conditions.

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

The enthalpy of the final condition is he at 27.9°C, which from
Table 1 ¥s 116.9 kJ/kg (obtained by interpolation).

Again the change in enthalpy is the amount of heat rejected to the
condenser per kg of steam, le, 2561.6 - 116.9 = 2444.7 kJ/kg.
02.14

If the steam has 12% moisture, it s 88% dry and has therefore
received 88% of its iatent heat of vapourization.
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Consequently the enthalpy of the steam if h¢ + 0.88 hfg.
hg at 6 kPa(a), Table 2 = 151.5 kJ/kg
hfg at 6 kPa(a), Table 2 = 2416.0 kd/kg
the enthalpy of the wet steam = 151.5 + 0.88 x 2416.0 kJ/kg
- 151.5 + 2126.1 kd/kg
- 2277.6 kd/kg

Q.15

The 4 kg that was removed represents the 11quid or droplets 1n the
steam. If the steam was 88% dry it must also have been 12% wet.
Consequently the 4 kg represents 12% so the total weight of wet
steam is 4/12 x 100 = 33.3 kg.

02.16
The energy added to the feedwéter 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
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Using Table 1, enthalpy of saturated liquid at 196°C is 834.4 kJ/kg
and the value of hgg 1s 1954.1 kJ/kg.
The enthalpy of the wet steam is
he + gheg = 834.4 + 0.92 x 1954.1 kd/kg

- 834.4 + 1797.8 k)/kg

= 2632.2 kd/kg
From Table 1, enthalpy of liquid at 134°C = 563.4 kJ/kg.
Energy added in the steam generator 1s.the difference between the

two enthalples, le, 2632.2 - 563.4 = 2068.8 kJ/kg.

02.17

Again fhe difference in the enthalpies is the sclution 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 liquid is 884.6 ki/kg
and the value of hgg ¥s 1910.3 kJ/kg.

Enthalpy of wet steam is hf + gheg

= 884.6 + 0.82 x 1910.3 kJ/kg

" = 884.6 + 1566.4 kJ/kg

= 2451.0 kJ/kg

Quantity of heat added 1s the difference between these two
enthalpies, te,

2751 - 2451 Kkd/kg
= 300 kJ/kg
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Q.18

This problem is exactly the same as the steam generator problem
except that the heat s being removed and not added. The initial
conditton is 12% wet steam at 35°C. The condensate s subcooled by
B°C. The saturation temperature fs 35° C 50 the condensate
temperature is 35 - § = 30°C.

A sketch of the temperature/enthalpy curve may be useful.

Temperature,

The inittal condition is the wet steam. Using Table 1, hf at
35°C = 146.6 kJ/kg and hgg = 2418.8 kJ/kg.

Enthalpy of wet steam = hf + qhgg

= 146.6 + 0.88 x 2418.8 kJ/kg

= 146.6 + 2128.5 kJ/kg

= 2278.1 kd3/kg
The final condition is condensate at 30°C. hg3g = 125.7 kI/kg
Heat removed is the difference between these two enthalptes, ie,
2275.1 - 125.7 kd/kg
= 2149.4 kJ/kg |
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Q2.13

In this problem we know the initial condition, 1iquid at 160°C and
we know that the final condition §s after the addition of 1900 kJ of
heat.

Temperature,
%

Enthalpy, Jkg
Fig. 2.11

hf150 -« 675.5 kJ/kg
Final enthalpy is 675.5 + 1900 = 2515;5 kJ/kg.

This is the enthalpy of the steam at 220° C Using Table 1, a quick
inspection will tell whether the steam 1s saturated.

hezoo = 943.7 kI/kg and hgpag = 2799.99 kd/kg so the steam from

the steam generator is we geam and we must use the expression for
the enthalpy of wet steam h = h¢ + ghey.

heaao = 943.7 and hegapg = 1856.2 ki/kg

The final enthalpy h is known, ie, 2575.5 kJ/kg the only unknown is
1ql‘ )

Using h = h¢ + ghgg

Substituting
2575.5 = 943.7 + q x 1856.2
1631.8 = g x 1856.2
q = (1631.8/1856.2) x 100
- 87.9%
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Using Table 3, under the pressure column of 20 bar, the value of
enthalpy at 350°C 1s 3139 kJ/kg, and at 400°C 1s 3249 kJ/kg. The
enthalpy at 375°C is the mean of these two values

= (3139 + 3249) 0.5

= 3194 kJd/kyg

02.21 |
Use the temperature/enthalpy diagram to plot the two conditions.

Temperature,

Enthalpy, J/kg
Fig. 2.12

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

h = 720.9 + 0.85 x 2046.5
- 720.9 + 1739.5 kd/Kkg
- 2460.4 K)/kg -

He are told that the enthalpy is increased by 380 kJ of heat, so Qe'
can determine the new enthalpy, ie, 2460.4 + 380 = 2840.4 kJ/kg.
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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.

.22

(a)

(b)

(c)

(d)

(e)

Using Table 2, at 3.0 bar the t¢ ts 133.5°C so the condition
ts at tg. he at tg = 561.4 kJ/Eg so the condition is
saturated Jiquid.

Using Table 2, at 0.05 bar, tg5 1s 32.9°C so again the
condition is at tg. hg, at tg, = 137.8 ki/kg so the
condition is greaier than that of saturated itiquid. hg, at

te = 2561.6 kJ/kg. MNow this 1s more enthalpy than the

stated 2323 kJ/kg so the flutd s not saturated steam. It is
somewhere between saturated liquid and saturated vapour, ie,
wet steam.

Using Table 2, at 5.0 bar t¢ = 151.8°C and we are told the
steam is at 200°C, so obviously the steam is superheated.

Using Table 1, at 20°C the pg Is 0.02337 bar, so the

condition of the fluid 1s at the saturation temperature. h¢
at 20°C is 83.86 kJ/kg and the quoted enthalpy was

2538.2 kd/kg so the condition is well above the saturated
11quid condition. 1In fact as may be seen from the tables, the

value of hg at 20°C 1s 2538.2 kJ/kg so the condition 1s

Using Table 1, at 30°C the pe §s 0,04241 bar which is less
than the quoted pressure. The saturation temperature for the

quoted pressure is 40°C so the condition ¥s subcooled liquid.
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Q2.23
Using the temperature enthalpy dtagram,

Temperature,

°c

100~ — — B

Enthalpy, J/kg
Fig. 2.13

the Initial condition is liquid at 180°C. From Table 1, hf 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 h = hf + gheg.
he at 260°C = 1134.9 kJ/kg
heg at 260°C = 1661.5 kJ/kg
thus h = 1134.9 + 0.96 x 1661.5 kl/kg

= 1134.9 + 1595.04 kJ/kg

~ 2729.9 ki/kg

The amount of heat added 1n the steam generator 1s the difference
between the two enthalpies, le, 2729.9 - 763.1 = 1966.8 kJ/kg
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Q2.24
Again use the temperature/enthalpy diagram.

Temperature,
°c

Enthalpy, J/kg
Fig. 2.14

The inttial condition i1s 12% wet steam at.36’C. ‘The- final condition
is condensate at 36 - 3 = 33°C.

ha = he3g + 0.88 x hegze (12% wet = 88% dry)
= 150.7 + 0.88 x 2416.4

150.7 + 2126.4 kd/kg

= 2277.1 kJ/kg

The enthalpy of the condensate is hfy3 = 138.2 kJ/kg.

Thus the heat rejected in the condenser is the difference,
te, 2277 - 138.2 = 3218.9 kJ/kg.
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02.25

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

From the definitions of specific volume,
specific volume = volume/mass.

We can rearrange this equation for mass thus,
mass = volume/spectfic volume
= 3000/1.036%1/kg
- 2895.47 kg
02.26 |
Ustng Table 1, v¢ at 36°C = 1.0063 £/kg and v¢ at
175°C = 1.1209 #/kg. : _
The increase in vf ts 1.1209 - 1.0063 = 0.1146 2/kg.

0.1146 \ 100 - 17.4%

As a percentage increase this is 1.0062

02.21

Using Table 1, vg¢ at 175°C = 1.1209 £/kg and Vg at
250°C = 50.037 ¢/kg.

The volume increase 1s essentially 49 liters or an increase in
volume of 45 times. It is apparent that when a change of state from
l11iquid to vapour, or vice versa occurs, the predominant volume
change is concerned with the vapour and to all practical purposes
the liquid volume can be considered as unity.

Q2.28

From Table 1, V4 at 40°C is 19546.1 £#/kg and v¢ at
35°C = 1.0059 ¢/kg.

Thus the volume reduction is 19546.1 - 1.0059, sensibly 19545 ¢/kg.
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Q.29

The inittal condition ts saturated steam at 250°C. Using Table 1,
vq at 250°C = 50.Q37 #/kg. The final conditton is steam with 12%
mgisture. which 1s the same as steam which is 88% dry, at a pressure
of 5 kPa(a).
Using Table 2, v¢ at 0.05 bar = 1.0052 #/kg.

and, vgg at 0.05 bar - 2819.3 #/kg.

Hith vgy as large in compar1soh to vg it is by far the
predomigant factor.

Thus v = v¢ + qvfg
1.0052 + 0.88 x 28193.3

1 + 24810

24811 £/kg

So the volume has increased from 50 to 24811 #/kg which is an
increase of 496 times. That 1s why we need three massive low
pressure turbine casings to accommodate this tremendous Increase in
steam volume.

Q2.30

The volume of the tow pressure steam is, as we already calculated in
question Q2.29, 24811 ¢/kg. '

It is of no consequence, In this application, whether the tondensate
{5 subcooled, at 100°C or 200°C. Essentially its volume will be
around 1 #/kg. The volume reduction will be from 24811 #/kg to

1 £/kg, le, a reduction of 25000 times. It is this tremendous
reduction in volume that creates the vacuum in the condenser.

2.3

The process of "steam hammer® is caused by fluctuating pressure in a
Tine continuousiy creating pockets of vapour and condensation. This
effect occurs when 1iquid reaches saturation conditions and resuits
in violent oscitlations of liquid 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 1ine and increasing the 1ine pressure if steam hammer
should commence, by reducing the flowrate in the lipe.
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ENTROPY, THROTTLING AND MOLLIER DIAGRAM

Course Objectives

1. Glven a calculator and a set of S.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 throttling.

Enabling Objectives

1. Illustrate a series of processes assoclated with the steam
turbine on a Mollier diagram, which the student has sketched.
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ENTROPY, THROTTLING AND MOLLIER DIAGRAM

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

Ehtropy means 'spread’ and any increase of entropy, increases 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 1iquid, both having the same
amount_of heat but at different temperatures, the iiquid at the
higher temperature would have less entropy than the 11quid at the
lower temperature. Although the energy levels are the same, there
¥s less energy available from ltiquid at the Tower temperature.

In any real process, the entropy increases. In a completely 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 performance of practical systems with the ideal
performance. :

I am sure you will be glad to know that we will not concern
ourselves with entropy beyond a simple state. You may recall in
Module 2 'Steam Tables,' that the only columns we did pot look at
were those headed "Spec1f1c Entropy."

When looking at the-simple use of entropy, we can use it in exactly
the same way as we did enthalpy, fe,

entropy of saturated steam is Sq

entropy of saturated liquid ¥s S¢

entropy of wet steam is S¢ + qSgg.

Example

Saturated steam enters a low pressure turbine at 200°C and is
exhausted at a pressure of 6 kPa(a). Determine the dryness fraction

of the steam leaving the low pressure turbine if the expans1on is
ideal, te, isentropic.

Before we look at any values, the whole question revolves around the

fact that the value of entropy before the steam expands is exactly
the same as after the expansion.

-1 - 0039k 4
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The steam prtor to expansion 1s saturated at a temperature of
200°C. The entropy will be Syq at 200°C, which from Table 1, is
6.4278 kI/kg°C. <(The units fgr entropy are the same as those .for
specific heat capacity.) :

After expanston the steam will be 'wet' and we do not know the value
of 'q', the dryness fraction. The steam 1s 5 kPa(a). Using Tabie 2,

S¢ = 0.5209 kd/kg°C
Sgq = 7.8104 ki/kg°C

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

Te,  Sg200 = 5£(0.06 bar) * 95£g(0.06 bar)
thus 6.4278 = 0.5209 + q x 7.8104

5.9069 = q x 7.8104

therefore, q = 5.9069 « 76.6%
7.8104

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

Q3.1 Saturated steam at 160°C 1s allowed to expand isentroplically
until tt is rejected to a condenser at pressure of 1 bar.
Determtne the dryness fraction of the steam at the exhaust
to the condenser.

Q3.2 Steam which is 4% wet at 15 bar is expanded, {sentropically
to 60°C. Determine the dryness fraction of the final steam
condition. :

Q3.3 Saturated steam is expanded isentropically to 36°C where the
dryness fraction §s 87%. Determine the temperature of the
initial steam.

* ok ok K N

Throttling

This is a process where a compressible fluid expands from one

r ' .
This is the process which occurs through the governor steam valves
on the turbine when the governor steam valves are not full open.
The smaller the percentage opening the greater the throttling effect
becomes.
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There is a major problem with the throttling process which 1s not
obvious. HWhen throttling takes place, the enthalpy of the fluid
remains constant, e, the enthalpy before the partially closed
governor steam valve is egual to the enthaipy after the valve. This
1s true because the process occurs at high speed and there is no
time for heat to pass through the containment walls. Secondly,
there s no reduction of enthalpy due to work, because there is no
work done. Sounds fair enough doesn't it? The problem is that
although the enthalpy 1s the same, the entropy has increased in this
process and we cannot get as much work out of the steam. This
factor becomes of major consideration when considering the controt
of governor steam valves. Suppose we have a turbine which has four
governor steam valves. If they all open at the same time then all
four valves will be throttling the steam until! the valves are fully
opened when minimum throttling occurs. This method of control is
called "throttle governing” and produces loss of efficiency If
operating at any load other than full load. In peak load stations
we use "nozzle governing" where the valves open one after the other,
so that at any point in time there is, in principle, no more than
one vaive which 1s throttling the steam.

A significant change occurs with steam that 1s wet when throttled to
a lower pressure. :

A Took at the temperature enthalpy diagram will help.i1lustrate the
condition.

Temperature,

°c

Enthalpy, kJ/kg
- Fig. 3.1
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Suppose at point A we have steam which has a small moisture content
and exists at pressure Py. If we throttle the steam to a lower
pressure Py, the enthalpy will remain constant 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 unti] i1t becomes saturated at point 'C' and then
becomes superheated steam at point 8. Do not forget the enthalpy
has not changed.

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

~ You know that you have wet steam and you know the temperature 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 1iquid through to
saturated vapour. The missing factor 1s the value of enthalpy and
with the given information, pinpointing this quantity is impossible.

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 is an example - wet steam is throttled from a pressure of
40 bar to a pressure of 0.1 bar when the temperature is 100°C.
Determine the dryness fraction of the tnittal wet steam.

Using Table 3, at 100°C and a pressure of 0.1 bar, the enthalpy of
the superheated steam 1s 2688 kl/kg.

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

Using Table 2, at 40 bar hf = 1087.4 kJ/kg and
heg = 1712.9 kJ/kg
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The enthalpy of the steam 1s 2688 kJ/kg.
Thus 2688 = 1087.4 + q x 1712.9
1600.6 = q x 1712.9 kJ/kg

q = 1600.6
1712.9

- 93.4%

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

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

03.5 Inttiaity wet steam at 15 bar is throttled to produce steam
at 75°C and a pressure of 5 kPa(a). Determine the dryness
fraction of the wet steam.

* R % N ¥

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 is
happening in a process and this 1s the major benefit of looking at a
Moltier diagram. HKWe are going to use the diagram to describe the
process and use the steam tables to make any calculations that are
necessary. :

Let us examine the informatton which 1s presented on the diagram. -
Axes

The diagram 1s a plot of enthalpy against entropy and for most
purposes we can ignore the entropy values.
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Saturation Line

The saturation line.lies between wet steam and superheated steam
regions as shown. Anything below the line is wet steam and anything
above the 11ne 3s superheated steam.

Constant Moisture Lines

These 1ines run somewhat parallel to the saturation line in the wet
steam region. The moisture content increases as the constant
moisture lines become further away from the saturation line.

constant Superheat fines
These 1ines follow a similar shabe_to the saturation tine but are in

the superheat region. The first line represents a condition which
is 50°C above the saturation temperature at that pressure.

Lines of Constant Pressure

These 1ines run from the bottom left of the diagram towards the top
right bhand corner.
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In the wet steam region the tines of constant température and

constant pressure are paraliel.
water is at saturation conditions, ie,

caturated vapour, the temperature remains constant. Above the

This is because all the time the
saturated 1iquid through to

saturation tine the constant temperature line moves over to the
right as shown below. :
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Fig. 3.6
Before we look at how we tan use this array of lines, do the
foliowing exercise and compare with the diagram at the back of the
module. :
Q3.6 Using the Mollier diagram, given at the beginning of the
module, as a guide, sketch the following:
(a) Draw and labei the axes reguired for the Mollier
diagram.
{b) Draw the saturation line.
(¢ Draw a single constant moisture Tine.
(4> Draw a single constant superheat line.
(e) Draw a single constant pressure line.
(F) Draw a single constant temperature line.
kg ok W W
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We must examine a few processes to see how they are displayed on the
Mollier dlagram. ’

Suppose we consider a typical steam turbine in a nuclear station and
ptot 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.

nsion of in th P rbin

I1f we lock at the inttial 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 peint must Tie on the saturation

Tine. If you examine the lines of constant temperature you will
find that the intervals are every 20°C. Consegquently 250°C will 1je
between the 1ines representing 240°C an 260°C:
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Fig. 3.7
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ad

. The initial operating point is where the 250°C temperature line

intersects the saturafion tine. 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 Ha.

The steam is expanded to a Tower pressure in the high pressure
turbine, down to a pressure of 10 bar. The moisture of the steam
teaving the high pressure turbine is 10%. This makes the plotting
of the second point very easy. If we follow the constant pressure
tipe for 10 bar up until it intersects with the 10% constant
moisture Tine, this is the operating condition of the turbine
exhaust,
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Fig. 3.8

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 diagram than point B' because
entropy has increased due to surface 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 availabie from the turbine would be the
enthalpy difference between points A and B', ia, Hy - Hg'. In
practice the work available was less than the ideal and only equal
to the enthalpy difference Hp - Hp.
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From the information that we used, you can see that we couid
calcutate the enthaipy drop either by using tabjes. as we have
atready seen, or by ustng the scates on the Moliier diagram.

Mo T

ar

ton

This part of the process can be a stumbling block 1f we are not
There are several things happening at once, some real and
some apparent.

careful.

lgnoring the pressure drop through the moisture separator, we can
show moisture separation as taking place at constant pressure.

Before we get into detajled discussion, take a Took at the
separation process on the Mollier diagram.

T &H}’M*/V//Jﬂf AN VAR v
P T
. : _ 1 Y | AVIRTARIEY,
HAD A AN A= Vi W
{ T/ (Y4 F (AL 7/ Smanw VA NTARSYE
T I 2L RRSY D AT AR A
1 % V10 8'4dP.viW =iV 4 ANEY/N
Enthalpy, . 11141/ JAZAD L - I e v - ¢ S . S
ki/kg | i LT L TN T I 7YV VIR T 1/
Mo (NS N AVAWS RVASWR
T 0 IS o
: [/ wivin A" i, Aavi AL LA
‘ L . T2 17 L1 1T VI /7
1 >7 5.8 ,( ] 17 Ll LA x_"‘{ o
Ll N ISWARRAN / o 4 TR
| I & P o . D! _
T . Fie o EE;A o) V\E_Y\L\ PN 1‘.—_\[ ﬁ fXHjTi/—!—-——:
HB| W e K B Pa N W PN | ¥ b
|| / ,h‘ﬁk ! e iy ay.- ‘ \w.ﬂ_ |
yay// | A T NS WTTIRY RN T W AN TR TR T [Tee
Entropy. kd/kg °C
Fig. 3.9

The pressure remains constant and the process proceeds from
congition B where the steam is 10% wet to condition € where the
steam is saturated.

Looking across at the enthalpy scale vou will see that the enthalpy

has risen from Hp to He.
In fact we removed some heat.

heat - not true.
js it that the enthalpy appears to have increased - good guestion.

S0 we must obviously have added some
If this is 3@, how
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The answer is falrly simple. The quantity of "steam" at B is not
the quantity of steam at C. Suppose we have 10 kg of steam at
point B that is 10% wet. This is really the same as saying we have
9 kg of saturated steam and 1 kg of saturated water. Let us put
some figures in to make this point. Let hg = 2700 kd/kg and

hg = 700 kJ/kg.

Then the average enthalpy of this mixture is

10 kg

= 24300 + 7Q0
10

= 2500 kJ/kg

When we pass the wet steam through the molsture separator we removed
1 kg of saturated liquid, te, the low grade water and now the
enthalpy of the working fiuid which 1s saturated steam, is

2700 kJ/kg, an increase of 200 kd/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 you
change the flowrate after the moisture separation to account for the
mass of liquid removed. If the steam leaving the moisture separator
Y5 saturated and the steam was x% wet, then the reduction in steam
fiow as a resuit of moisture separation is aiso x%.

Reheat

Again for purposes of illustration assume that there is no pressure
drop through the reheater. Heating 1s taking place at constant
pressure, so the process will continue to follow the constant
pressure Tine.

- 13 - 0039k4
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Before we leave point 'C' we did not mention that the temperature
did not change throughout the moisture separation process and is of
course the saturation temperature correspond1ng to a pressure of

10 bar and tg = 180°C.

The addition of heat from the reheater s going to raise the
temperature above the saturation temperature and produce superheated
steam. For ease of illustration assume that the reheater adds 50°C
of superheat. The operating point 'D' occurs where the constant
pressure line intersects the constant superheat line of 50°C. The
temperature of the steam is now 180 + 50 = 230°C. The change in
enthalpy of the steam fs Hp - Hc which is equal to the heat lost

by the reheater.

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 pressure turbine, the only
difference being that the steam is inttially superheated.

The steam will expand to condenser pressure, say 5 kPa(a) and the
condition will be 10% motsture. 1If 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, fe, had
there been no friction, then entropy would have been constant and
the available work from the low pressure turbine would have been

equal to Wp - Wg'.
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Using the Mollier diagram to illustrate the complete process, we can
see the trends in changes of enthalpy, moisture, etc, and when used
in conjunction with the steam tables it provides a good graphical
aid to help solve the probiem.
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Do these problems and check your answers at the end of the module.

Q3.7 Sketch your own Mollier diagram to 11lustrate the following
series of processes: A high pressure turbine uses 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.

Q3.8 Exptain how your sketch would change if you had to show the
condensatton process in the condenser associated with
question Q3.7.

03.9 The mass flowrate of steam Into the high pressure turbtne,
in question Q3.7 is 900 kg/s. Determine the mass flow into
the reheater. '

ok R Kk R

Throttling

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

Remember that throttling is a constant enthalpy process, so on the
Mollier diagram this 1s represented by a horizontal line.

An exampie will 11lustrate the process. Steam at 40 bar with 3%
moisture 1s 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 throttling wet steam

to a low enough pressure we can produce not only saturated steam,
but superheated steam.
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As the steam 1s throttled from point A, to the lower pressure at

point B, the quality changes from wet steam to superheated
a temperature of 140°C which, from the diagram, is roughly

steam at
20°C

above the saturation temperature and therefore there are 20°C of

superheat.

This looks like a convenient way of producing superheated 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 is the
condition of steam entering the high pressure turbine, and
superheated steam by throttling i1t to 1 bar prior to entry
turbine. All the time the heat content remains constant.

- 18 -
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This process produces steam which is wel) superheated with a
temperature around 65°C above the saturation temperature so there
are no problems of excessive moisture.

03.10 Why don't we take advantage of this process? There is no
1oss of enthalpy and we have steam which is well superheated
-.how can we go wrong. Analyze this situation and in a few
Ttnes write down why you think we do not use this as a
solution to the moisture probiems in our turbines. Check
your answer at then end of the module.

w ok * k&
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MODULE 3 - ANSHERS
Q3.1

The whole process takes place at constant entropy. fe, the initial
entropy 1s equal to the final entropy.

The initial condition is saturated steam at 160°C. From Table 1,
Sg at 160°C « 6.7475 kJ/kg°C.

The final condition 15 wet steam at 1 bar, the dryness fraction is
unknown.

At 1 bar S¢ = 1.3027 kJ/kg°C
and Sgq = 6.0571 kJ/kg°C

S1 bar = Sf + 45fg
= 1.3027 + q x 6.0571 kd/kg°C
Equating the initial and final conditions,
Sgis0 = Sy bar
Substituting 6.7475 = 1.3027 + q x 6.0571 kJ/kg°C
| 5.4448 = q X 6.0571
hence g = 5.4448 = 89.9%
6.0571
Q3.2

Again we know that the entropy remains constant throughout the'
process and that the Initial and final entroples are equal.

The 1nitial condition 1s 4% wet steam at 15 bar and using Table 2 we
can determine the entropy using

S = Sf + qug

S¢ = at 15 bar = 2.3145 kJ/kg°C
Sfg = at 15 bar = 4.1261 kJ/kg°C
S = 2.3145 + 0.96 x 4.1261 kJ/kg°C

2.3145 + 3.9611
6.2756 kJ/kg°C
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The final condition will be wetter steam than 4% at 60°C..
S¢ at 60°C = 0.8310 kJ/kg°C
Seg at 60°C = 7.0798 kJ/kg°C
tEquating initial and final conditions we get:
6.2756 = 0.8310 + q x 7.0798 kJ/kg°C
5.4446 =-q x 7.0798
therefore, q = 76.9%

03.3

Again we know that the entropy is constant throughout and we can
determine the value of entropy at the final condition using

S = 5¢ + q5fg
Using Table 1, at 36°C S¢ = 0.5184 kd/kg°C
and Sgq = 7.8164 kJ/kg’C
Thus S = 0.5184 + 0.87 x 7.8164
= 0.5184 + 6;8003 kd/kg°C
= 7.3187 kJ/kg°C

We know that the entropy is constant so this value of 7.3187 kJ/kg°C
fs also the Infttal value.

If we look at Sq, because we are told that the initial steam
condition is sagurated, tn Table 1, we will be able to find the
value of t¢ which most nearly has a corresponding value of

Sq = 7.3187 k/kg*C.

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

Q3.4

The final condition of the superheated steam allows us to pinpoint -
the enthalpy. Using Table 3, 128°C ts halfway between the quoted
values, so at a pressure of 1 bar and a temperature of 125°C, h is

2776 + 2676 = 2726 kJ/kg
2 .
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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 respect1ve?y.

Using h = he + gheg we get
2726 = 649.4 + q 2100.6 kJ/kg
2076.6 = 1 x 2100.6

V= 2076.6
2100.6

~ 98.9%

Q3.5 _ .
Again the final condition 1s the key to the sclution. Using

Table 3, 75°C ts in between the stated values. At a pressure of
5 kPa(a) and a temperature of 75°C,

h = 2594 + 2688 = 2641 kJ/kg
2
Thts enthalpy remains constant and allows 'g' to be determined using
h = hf + ghgg. Using Table 2, hg and heg at a pressure of
15 bar are 834.7 kJ/kg and 1945.2 kJ/kg respectively.

Using h = hs + thg we get

2641 = 844.7 x q x 1945.2 kJ/kg
1796.3 = q x 1945.2
= 1796.3
1945.2
- 92.3%
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Process A - B

Initial condition s saturated steam at 240°C. Expansion in the
high pressure turbine, allowing for frictional effects, takes the
process to the right of point B' at a moisture level of 10%.

Process 8 = C

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

Again assuming no pressure loss in the reheater, the enthalpy of the
steam is Increased at constant pressure, inttially up to the
saturated steam condition, after which further addttion of heat
raises the femperature from 160°C to 200°C.

Process D - £
The superheated steam expands in the low pressure turbine and

aliowing for friction takes the process to the right of point E'
where the final temperature is 35°C and the moisture Jevel is T0%.

-6 - 0039k4



03.8

1f the condensation process was illustrated on the Mollier diagram
this would take place at 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%, je, at the saturated Viguid Yine.
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Q3.9

The change in mass flow occurs in the molsture separator where the
dryness fraction is increased from 90% to 98% by removing the
moisture droplets. Consequently 8% of the working fluid has been
removed and the flow into the reheater = 0.92 x 900

= B28 kg/s.
Q3.10
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Fig. 3.18

The enthalpy at points A and B is the same. The amount of work that
is avatlable depends upon the change of enthalpy. In practice we
expand the steam tn the turbine to a temperature which is dictated
by the cooling water supply. Assume that the turbine exhaust is at
35°C. The enthalpy drop from the initial condition to the constant
temperature line will indicate the work avallabie.

If we consider the process from point A, the enthalpy drop is

Ha - Ha'. Similarly, 1f we consider the enthalpy drop at

point B, the valtue s Hg - Hg'. You can see that although the
enthalpy 1s the same, the work avajlable 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

Hpa ~ Ha', then the steam flowrate would have to be doubled to
achieve the same power output using the throttling technigue.
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Note: This reasoning ts greatly simplified begcause 1t assumes
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tsentroptc expansion in the turbine and this ts unrealistic.
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Course Objectives

¥. 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.

2. You will be able to explaih how the pressure and temperature
vary through a turbine as the load increases from 0% to 100%,
assuming constant vacuum.

Enabling Objectives

1. Given a set of conditions applicable to a steam turbine, with

reheat, you will be able to sketch a Mellier diagram and
11lustrate the overall turbine process.

April 1988 -1 - 0038k4
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TURBINE WITH REHEAT

This module 1s an extension of the principles that we examined in
Module 3. We will continue to use the Mollier diagram to 11lustrate
the process and then use the steam tables to calculate the required
values.

Before we plot the overall process steps on a Molller dtagram, 1t is
of benefit to constder what changes are taking place in the turbine
process at any point.

High Pressure Turbine
Steam Flow

If there 1s no extraction steam, the flow in and out of the turbine
remains unchanged.

Enthalpy

The steam flows through the turbine-at high speed and consequently
there 1s an insignificant change 1n enthalpy of the steam due to
heat loss throuah 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 detertorated as
some of the saturated steam condenses in the expansfion process,
producing 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 moisture i1s 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 is
equal to the change in moisture content within the main molsture
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.

As a first approximation let us consider that 12% of the fluid was
Intially 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 guality.

- - 0038K4
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For a more accurate calculation we must perform a mass balance

across the moisture separator. Consider the sketch below where m
represents mass flow and g steam quality.

. Steam |  Moisture Steam .
M1 4 In___ | Separator Cut. M2z
Moist:t-e Out
My
Fig. 4.1

For a total mass flow balance M, = m, + M . However, If we
consider only a water mass balance &l(l-q]) = hz(l-qz) + ﬁ;.

Combining these two equations enables us to calculate m , the mass
flow rate of water extracted from the steam

L) - L ] . &
y(1-9,) = (- n?w)(l-qz) + M
which reduces to
* L ] ] o ]

The enthalpy of the steam increases, not because heat energy was
added but because the degrading moisture was removed 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 tts admissfon to the low pressure
turbtne.

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

There ts no change tn the steam flow in and out of the reheater,
there s no significant moisture to remove nor is there any steam
extracted from the reheater.

-2 - 0038k 4



Low Pressure Turbine

There is always steam extracted for feedheating from the low
pressure turbine so 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 tnsignificant and the major enthalpy drop 1s due to the
conversion of heat energy into mechanical work. This may be seen by
a lowering of pressure and temperature.

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

Before we proceed to examine any further, try the following
exerclises and check your responses at the back of the course.

Q4.)  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.

Q4.2 Show whether the following parameters increase, decrease or
remain the same for the following sections of turbine unit
with feedheating:

(a) High Pressure Turbine
(b) Moisture Separator
(c)  Reheater

(d) Low Pressure Turbine

, Steam
Item |Enthalpy|Temperature| Pressure { Flowrate | Quality|

Note: Ignore any pressure drop through the molsture
separator and reheater. '

* % & w &

Let's examine a question which reflects the main points of our
discussion. :
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900 kg/s of steam exits the HP stage of a turbine at 1.5 MPa(a)
with a motsture 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 significant pressure drop in
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 saturated steam from the boiler. The condensed
steam which results, leaves the reheater at saturation temperature.

(ay (1) Draw a schematic diagram of the—proceSS- described
above showing the following parameters at each step of
the process:

- flow
- pressure
- moisture content.

(i1) Determine the steam temperature at the exit of the
reheater, showing clearly how you procegd.

(b) The steam enters the LP stages of the turbine where it expands
isentropically (e, with constant entropy}, the exhaust
pressure ‘being 10 kPa(a). Calculate the moisture content of
the steam at the LP exbaust, showing clearly how you proceed.

The information presented may initially seen overwhelming but with a
systematic approach, we should be able to satisfy all the
requirements of the question.

It is very useful to have a pictorial representation of the
process. Question (&) (1) asks for a schematic dlagram for the
process and it would appear preferable to sketch the process itself;
at least this way, there is some reinforcement of the process
sequence which 1s occurring. ‘

Using the Mollier diagram we can t1lustrate the total process
sequence.

Motsture Separator
The moisture is removed at constant pressure. On the Mollier
diagram this wil) be represented by moving up the 1.5 MPa(a)

constant pressure tine from 10% moisture to the saturation line, ie,
0% motsture.
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Point A 15 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 1.5 MPa(a).

3.  Molsture content 10%.
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Point B is the exhaust from the moisture separator and the inlet to

the reheater.

At Point B 1.
Reheater

Flow rate is reduced by 10% due to the removal of
the moisture. Thus flowrate .

flowrate = 0.9 x 900 = 810 kg/s.

Ignoring the pressure drop in the moisture
separator, there is no change In pressure.

The moisture content is 04, ie, the steam is now
saturated at 1.5 MPa(a).

The reheater adds heat at constant pressure so we can continue up
the 1.5 MPa{a) constant pressure line to some new potnt as
determined by the heating steam supply to the reheater.
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Point C is the exhaust from the reheater and is also the inlet to
the LP turbine.

At point C flowrate is the same as at B = 810 kg/s. Pressure is
1.5 MPala). Moisture content 1s 0% because the steam 15 superheated.
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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 Moisture
A 900 kg/s 1.5 MPa(a) 10%
B 810 kg/s 1.5 MPa(a) 0%
C 810 kg/s 1.5 MPa(a) 0%

Section (a) (11) of the question asks us to determine the
temperature of the steam leaving the reheater. There is no quick
method of determining the temperature of the superheated steam. HWe
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 1s
superheated.

The basic approach to the reheater heat exchange 1s 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
ts 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,
Q
c Saturated
L |qu|d "
] T Saturated
Steam
i

|
o | |
l

Enthalpy, J/kg
Fig. 4.5
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The heat lost 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 hg to saturated 1iquid hg which is heg, the

latent heat.

Mass Flowrate 65 kg/s
hfg @ 4.5 MPala) = 1675.6 kd/kg.
Thus heat lost = 65 x 1675.6 = 108,914
kg/s x kJIkgl- kd/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 galned » process mass flowrate x increase in enthalpy. Heat
gained = 108,914 kJ/s. Process mass flowrate through reheater = 810
kg/s. Increase in enthalpy 1s unknown.

Substituting

108,914 = 810 x Increase in enthalpy.

Increase In enthalpy = 108.914
: 810

= 134.5 kJ/kg.

The increased enthalpy is the enthalpy of the saturated steam at 1.5
MPata). hg + 134.5 kJ/kg.

From tables hg = 2789.9 kJ/kg.
New enthalpy = 2789.9 + 134.5 kl/kg
« 2924.4 kJ/Kg.

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 is 15 bar, the enthalpy of the superheated steam
{s 2924 kJ/kg when the steam temperature ts 250°C.

So the temperature of the steam leaving the reheater is 250°C.
Part (b) of this quest1oh ts designed to see if you can calculate

the quality of the steam using the entropy values as we did in
Module 3.
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Again a diagram is an asset and the process may be illustrated on a
Molller 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 calculating the
temperature of the superheated steam in the previous section, then
your answer to this section will also be incorrect even theough you
use the correct procedure.

The steam in the low pressure turbine expands jsentropically, that
is, at constant entropy. This is represented by a vertical line on
the Mollier diagram. The 1tne runs from the temperature of 250°C on
the constant pressure line of 1.5 MPa(a) down unttl it strikes the
constant pressure line of 10 kPa(a) as shown on the diagram.

-1 - _ 0038k4
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The section on the diégram CD represents the isentropic expansion in
the low pressure turbine.
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We are asked to calculate the value of the moisture at point D and
we will do this using the vaiue of entropy which for this process fis
constant.

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

The value of entropy is 6.710 kl/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 question
tells us so. The entropy of the wet steam is found 1n exactly the
same way as we find enthaipy.

Take the entropy of the 1iquid at 10 kPa(a).
S¢ = 0.6493 kJ/kg°C. (10kPa(a) = 0.10 bar).

Now take the entropy from liquid to vapour at 10 kPa(a).
Sfg = 7.5018 kJ/kg“°C.

The actual entropy value of the wet steam depends upon the quaiity
'q' and s found using S = Sf + q5fg.

WHe know S because that stays constant and the initial condition
allowed us to determine that value. We have Jooked up S¢ and
Sfg - the only unknown is the dryness fraction or quality 'q'.

Substituting the values into S « S¢ + Sgq, we get
6.710 = 0.6493 + g x 7.5018 kdJ/kg°C,

thus 6.0607 = q x 7.5018

thus q = 6.0607
7.5018

= 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 _
reaiize that we have looked at a lot of detall, 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.
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Steam flows at 500 kg/s tnto a moisture separator. The
steam has a dryness fraction of 88% and is at 1.0 MPa(a).

The molsture separator removes all of the moisture. The
steam then enters a reheater where the heating steam is
supplted at a pressure of 3.5 MPa(a) and a flowrate of
30.3 kg/s. The heating steam 1s saturated and the
condensate is not subcooted. (Ignore any pressure drop
through the molsture 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,

800 kg/s of steam enter a moisture separator at a pressure
of 1 MPa. The moisture content is 13% at the inlet to the
separator. Saturated steam leaves the moisture separator.
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 1s 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.)

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 calcuiate the
molsture content of the steam leaving the low pressure
turbine.

* & & h %
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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 operating-at a
nominal pressure of 5.6 kPada). Agaln this §s 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 wiil be at 5.6 kPa(a), 35°C.

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

Q4.6 What do you know about the pressures in the low pressure
turbines, reheater, molsture separators and high pressure
turbine in this start up condttion. Check your answer at
the end of the course.

.k & Kk %
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B - 25% Power
C = 50% Power
D - 75% Power
zﬁ E - 100% Power
HP Turbine LP Turbine
\ MOisture
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A
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1ot
1O
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“1
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Fig. 4.7

Note:

Actual pressure drops through the turbine wiil be non linear.
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The condttion just described is t1lustrated on the dlagram by iine
A. You can see at this point that the pressure upstream of the
ESV/GSY 1s 4.3 MPa(a) whilst downstream the pressure is 5.6 kPa(a).

04.7 Steam at 4 MPa(a) passes through open ESV's and leaks past
tripped GSV's into the high pressure turbine. The condenser
pressure 1s 10 kPa(a). What is the temperature of the steam
in the high pressure turbine.

Check your answer at the end of the module.

* & X & N

Suppose we have now run the turbine up to speed, synchronized and
apptied 25% load to the generator. In thts situvation the GSV's are
open a small amount to admtt slightly more than 25% full load steam
flow. (At lower power less work 1s available per kg of steam due to
throttling.)

This condition may be seen 1llustrated by 1ine 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) 1s 188°C. The
actual temperature at which the steam is entering the high pressure
turbine is slightly higher due to superheat supplied by the
throttling action of the GSV.

If the turbine is "cold" this does not present a problem but if the
turbine is "hot" the admission of this low temperature steam will
drastically cool the turbine and create htgh thermal stresses. This
1s the reason why block loading s 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 about 188°C at 25% load to 250°C at
100% load.

From the same series of témperature tTines you can see also that the

HP turbine exhaust temperature is increasing as the load increases.

The exhaust temperature rises from 133°C at 25% load to 175°C at
100% load.

It is interesting to note that as the power on the turbine increases
the temperature of the process steam, leaving the reheater, falls
from 250°C to 239°C.

- 17 - 0038k4



25 -4

04.8 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 module.

* xR R ®
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MODULE 4 - ANSWERS
4.1

The inttia) molsture content was 9.4% and the final moisture content
was 0.4% (100 - 99.6 = 0.4%, you shouldn't have been caught here).
This corresponds.to tnitial steam quality of 90.6% and of course a
final quality (as given) of 99.6%.

Using the formula developed by doing a mass balance across the
moisture separator

9,- 9,

m o=
1 g,

w

= 700 x ™5 996

= 63.3 kg/s
The flowrate of -steam from the molisture separator will be the

difference hetween steam flow into the separator and the moisture
removed, ie, 700 kg/s - 63.3 kg/s = 636.7 kg/s.

Q4.2 _
(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 be reduced only 1f steam is
extracted for feedheating. In this case, we will ignore steam
extracted from HP turbine. The steam qua]ity decreases as
more work 1s produced from the steam.

(b) Moisture Separator

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

-Ignoring the pressure drop, the pressure will remain constant.

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

-1 - 0038k4



(c)

(d)

225 - §

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 moisture separator for
feedheating, then this would also be taken into account when
determining the new flowrate value.

‘The steam quality increases as the moisture s removed and the

steam moves closer to the saturation condition.

Reheater

The enthalpy of the steam Increases significantly tn the
reheater and the final steam has approximately 60°C of
superheat.

Ignoring the pressure drop in the reheater the pressure
remains constant. '

The temperature of the steam increases to a vaiue
approximately 60°C above tg 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 1s raised from around 0.5% moisture to
approximately 60°C of superheat.

Low Pressure Turbine
The. enthalpy decreases as work is extracted from the steam.
The temperature and pressure fall with the decreasing enthalpy.

The flowrate decreases due to the steam extracted for
feedheating. -

The steam quality decreases due to the condensation produced
by the reduction in enthalpy.

Steam

Item

Enthalpy

Temp.

Pressure

Flowrate

Quality

HP Turbine
Separator
Reheater

LP Turbine

Decrease
Inc¢rease
Increase
Decrease

Decrease
Same

Increase
Decrease

Decrease
Same
Same
Decrease

Same
Decrease
Same
Decrease

Decrease
Increase
Increase
Decrease

0038k4




04.3

In this question we do not have any turbine expansion after the
reheat. Before doing any calculations, it is worth sketching the
process so that there is a visual reference avallable as you work
through the problem.

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 1ine upwards from the constant
moisture Tine at 124 moisture.
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Fig. 4.8
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Ltooking at the process points A, B and C, we can 1ist 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 o% - 440 kg/s: 1 MPa
C o% 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 exercise is done by equating

the heat gained by the process steam to the heat lost by the heating
steam. '

Heating Steam

This ts inftially saturated at a pressure of 3.5 MPa and the
condensate remains at the saturation temperature because there 1s no
subcooting. If we sketch the temperature enthalpy diagram, we can
see that the heat lost is the latent heat at the pressure of

3.5 MPa(a). '
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Temperature,
°c

Enthalipy, J/kg
Fig. 4.9

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

heg at 3.5 MPata) = 1752.2 kd/kg.
The heating steam flowrate is 30.3 kg/s.

So 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 gvery second. In every
second there are 440 kg of process steam flowing through the
reheater.

So each kg of process steam picks up 1!440 of the total heat lost by

the heating steam = 53091.7 = 120.7 kJ/kg-
440

The enthalpy of the saturated steam has been increased by

120.7 kJ/kg and we must Took at the superheated steam tables to find
the temperature of the steam that corresponds to this new value of
enthalpy.

-5 - 0038k4



225 - 4

hg at 1 MPa(a) = 2776.2 kJ/kg.
Enthalpy of superheated steam = 2776.2 + 120.7

= 2896.9 kl/Kg.
Using the superheated steam tables at 1 MPa we can see that at 200°C
the enthalpy is 2827 kd/kg and at 250°C the enthalpy is 2943 kJ/kg.
So the temperature of the steam from the reheater is

_70 (50°C) + 200°C = 230°C.
16

Q4.4

This ts a basic arrangement of the molsture separator and reheater
operating at constant pressure.

The moisture separation process will appear as a ltne from the 13%
moisture point, on the 1 MPa(a) constant pressure 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 ts the moisture separation process.
B - C is the reheat process.
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Moisture Separation

The only changes will be the reduction 1n mass flowrate as the steam
quality improves to saturation conditions.

Steam flow reduces to 800 x 0.87 = §96 kg/s.

Reheat

In the reheater the heat gained by the process 1s Jlost by the
heating steam.

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

hg at 3 MPa = 2802.3 kd/kg, tg = 233.8°C.

The temperature of the condensate fis
t; - 6.8 = 233.8 - 6.8 = 227°C.

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
= 13783 KJ.

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

1 kg of process steam receives 75783 = 109 kJ/kg
696

The enthalpy of saturated steam enter1ng the reheater at 1 MPa is
2776 kl/kg.

The enthalpy of the superheated steam Jeaving the reheater 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.

Enthalpy at 200°C and ) MPaca) = 2827 kJ/kg.
Enthalpy at 250°C and 1 MPala) = 2943 kJ/kg.

Difference for 50°C 1s 116 kJ/kg.

The enthalpy at the reheater outlet 1s 2885 kJ/kg which is
2885 ~ 2827 = 58 kJ/kg more than the enthalpy at 200°C.

Temperature increase above 200°C = _58 x 50 = 25°C.
116

Steam temperature = 225°C.

4.5

In this problem the steam into the turbine is superheated so the
entropy values for the initial steam condition will have to come
from the superheated steam tabies.

As in the previous question, the value of entropy remains constant
during the expansion process. On the Mollier dlagram the process
will appear as a vertical 1ine running down from the superheat
region at 250°C and a pressure of 2 MPa to intersect the constant
pressure line of 6 kPa(a).

9. 0038k4
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Agatn 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.

At 6 kPa(a)

Sf

= 0.5209 kg/kg®C

Sfg = 7.8104 kI/kg°C. .

- 10 -
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The entropy of the superheated steam 1s equal to the entropy of the
wet steam after expansion.

Thus 6.545 = 0.5209 + q (7.8104)
6.0241 = g (7.8104)

q = 6.0241
7.8104

- 17.1%.

So the moisture level is 23%.

04.6

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 iow pressure turbines
the pressure is the same as that in the condenser.

Q4.1

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

The GSVs are pot isolating valves, 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 throttling process will cause the steam to become
superheated and 1ts fina) temperature (immediately downstream of the
- GSVs) will be approximately 160°C.

If the turbine was recentty shutdown with the turbine "hot" this
throttled steam entering the hp turbine can produce severe quenching
of hp turbtne rotor. This problem can be avoided by ensuring that
the ESV's are always shut if there is any pressure in the steam
1ines.

04.8

If you look at the conditions of temperature and flowrate in the
reheater you witl observe the following:

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

- 11 - 0038k4
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(b)> The temperature of the process steam entering the reheater,
from the HP turbine via the moisture separator, rises as the
turbine power increases.

The temperature difference between the heating steam and the process
steam which is being heated, becomes smalier as the turbine power
fncreases, e, from T =« 121°C at 25% load to T = 79°C at 100% load.

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

Hhat 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% load. This results
in the process steam mass fiowrate 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
mwummmmmmmum
temperature at the reheater outlet, increases, due to the ﬂg;nggigd
time for heat transfer.

At 25% the difference between the heating steam temperature and the

turbine steam temperature at the reheater outlet is 4°C. At 100%
the difference is 15°C.
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Course Objectives

1. Glven a set of condittons, steam tables and a calculator, you
will be abte to perform simple calcutations of heat balance
based on the principle that heat gained by the feedwater is
equal to heat lost by the extraction steam.

2. You will be able to explain how the extraction steam 1s more
- efficiently used in feedheating than in producing further work
in the steam turbine.
3. You will be able to support the rationale stated in Cbjective 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 condittons change.
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- FEEDHEATER OPERATION

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

Even tn 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 ts abnormal? Are some
parameters more reliable than others?

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

If we don't know the answers to these two questions, 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 !s reached when the
supply satisfies the demand whether it 1s 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, conditions start to
change, sometimes very rapidly. If we concéentrate 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 11quid/Itquid heat exchanger; say the turbine lube
oll cooler. Keep the oll flow constant and the cooling water flow
constant and watch the cooler outlet ofl temperature when the oil
inlet temperature remains constant.

Will 1t change? Why doesn't the temperature change?

It will not change because the supply of cooling water and the
supply of ofl are constant and the steady state condition is created
by the cooling water removing heat at the same rate as the
lubricating oil is supplying heat to the cooler.

Let's increase the flow of cooling water to the cooler.

What happens to the ol1l outlet temperature? HKWhy did it start to
fall?

-1 - 0037k4
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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
oil1 by the turbine bearings.

What happened to the ocutlet temperature of the cod]ing water?

The temperature became lower because, although overall the same
amount of heat was belng removed from the oil 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 oi1 change as a result of reducing the
temperature?

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

Constder the following problem:

05.1 Suppose we had a closed cylinder 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 &bout this and see if you agree with the response at the end
of the module.

ek X A W

From this example, we can see that the first effect of cooling the
cylinder was to reduce the temperature but because 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 correctiy, that the temperature of the fluid was
falling. Therefore, we could have used pressure to tell us that
there was a mismatch in the system, e, heat Into the cylinder was
less than heat out of the cylinder.

Before we move on to look at the feedheater, have a look at the

following two questions and compare your answers with those at the
end of the module.

Q5.2 What happens to the pressure of the engine coolant in an
automobile after the engine is shutdown?
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05.3 A tank of 1igquid propane is used for a period of time. The
pressure 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.

"k k & &

feedheater

The purpose of the feedheater is to raise the temperature of
feedwater on its way to the steam generator and thus prevent thermal
shock in the botler pre-heater. The feedwater flows through the
tubes and receives its heat from steam in the heater shell. The
steam is extracted from suitable points on the steam turbine and may
have high levels of moisture.

If the steam was condensed to saturated liguid only, then any smail
drop tn pressure would cause ‘the 1iquid to vapourize and vapour
locking of drain lines would occur. Consequently, the condensate in
a feedheater 1s suffictently 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 extraction steam and resulting
condensate.

Any change in conditions on elther side of the heater is going 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 condittons which exist and how they
can affect heater performance.

feedwater Side

-The heat which is picked up by the feedwater is a function of the
mass flow, 1n kg/s, and the change 1n enthalpy of the feedwater
across the heater. This ts the same as using the temperature
difference except that by using the enthalpies, these values can be
looked up tmmediately under the h¢ columns in the steam tables.
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.
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Again, we can use exactly the same approach of using enthalpies.
Thus, heat lost by the steam to the feedheater is:
flowrate (kg/s) x [Enthalpy In (hfsteam sp) - Enthalpy Out (hfouf)]

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 Enfhalpy Change.

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

The steam flow from the extraction steam belt on the turblne to the
feedheater is not regulated by valves. The steam will only flow
from the turbine to the feedheater i1f there is a pressure difference
between the turbine and feedheater.

Q5.4 How s steam flow established to a feedheater? Why 15 the
feedheater shell pressure normaliy lower than the turbine
extraction point pressure?

B85.5 How is the steam flow to the feedheatef tncreased when the
unit power changes from 50% to 100% power?

Check your responses with those at the end of the module.

w & & % &
fect of f
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 feedheater,

Temperature
If the temperature of the feedwater into the heater changes, then

this will affect the temperature rise of the feedwater across the
heater.
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The change in temperature means that the amount of heat removed from
the feedheater will have changed. Assume that the feedwater

flowrate s unchanged.

Suppose the feedwater inlet temperature drops. The amount of heat
energy which is transferred 1s a function of the difference in
temperature between the steam side and the feedwater side of the
feedheater. Because of the Targer temperature difference between
the steam and the feedwater, more heat 1s being transferred and is
being removed from the heater than before. Ihe increased rate of

As the temperature in the heater shell fails, 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 conditions.

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

(¢) tncreased AT across the heater on the feedwater side,
although the outiet temperature will be less than previously.

Stmilarly, 1f the feedwater inlet temperature had risen, there would
have been less heat removed from the heater because there would have
been a reduced temperature difference between the steam and
feedwater. '

The effect of'féducfhg 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
extractton steam flow from the turbine would reduce to a new level
which satisfied the feedwater conditions.

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 increased.

The effect of keeping the feedwater inlet temperature constant and
changing the feedwater flow produces the same results as changes in
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temperature. As the heat rate removal 1s increased, the temperature
in the shell side falls, pressure falls, extraction steam flow
increases, and the system moves back into equilibrium.

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

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

05.7 A turbine has three feedheaters 1n series. Explain the
' changes you would expect to find on #3 heater if heater #2
ts taken out of service. _

05.8 A turbine has three feedheaters. Explain what changes in
operating conditions you would expect from the heaters when
the turbtne power output 1s increased from 50% to 100%.

* * RN K &

Heat Transfer

The heat gatned by the feedwater in the heater 1s 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 examplies and see how we can approach a feedheater
calcutation.

A feedheater ts supplied with saturated steam at a pressure of
270 kPa(a) in the feedheater shell. There 15 no subcooling of the
condensate. The feedwater inlet and outlet temperatures are 90°C
and 118°C respectively. The feedwater flowrate 1s 588 kg/s.
Determine the extraction steam flowrate. '

There is nothing new in the approach to this probiem. The only
unknown ts 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. -
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Heat gained by the feedwater

This is equal to the mass fiow per second muttiplied by the change
in enthalpy.

Intet temperature is 90°C he = 376.9 kJ/kg
Outlet temperature is 118°C hg = 495.2 kJ/kg -
Change in enthalpy = hf118 - hfgo = 495.2 - 376.9

= 118.3 kJ/kg

(The enthalpy of the feedwater 15 effectively only a function of the
temperature, because the pressure effects are insignificant.)

The feedwater flowrate is 588 kg/s heat gained per second
= flow x enthalpy
= 588 x 118.3 = 69560 kJ
kg x ki/kg
Heat lost by extraction steam

The steam 1s saturated and there is no subcoocling. 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 vapourization.

Temperature,
°c
. 2.7 bar

Enthalpy, Jkg
 Fig. 5.1
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At 270 kPa(a), ie, 2.7 bar, the value of hfg = 2173.6 kJ/kg.
Heat lost by the steam per second ts the product of the flow and the
enthalpy change. Thus, heat lost by steam = m x 2173.6 kJ per

second, where 'm' is the mass flowing per second, 1e a mass flow
rate.

Equating heat galned to heat lost:
69560 = m x 2173.6

m = 69560/2173.6
In practice, the steam to the feedheater is usualiy '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 Took at an example.
A feedheater 1s supplied with steam having a moisture content of
28%. The temperature in the feedheater shell {s 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 kg/s.
Determine the steam flow to the heater. '

The heat gained by the feedwater per second is the product of the
mass and the enthalpy change.

hegg = 355.9 kd/kg
hfgg = 242.7 kI/kg
Change in enthalpj = 355.9 - 242.7 kJ/kg
= 113.2 kJ/kg
Heat gained by the feeduater every second
= mass x change in enthalpy
= 521 x 113.2 kJ |
= 58977 kJ
The heat tost by the extraction steam which is initially 72% dry and

is finally condensate, may be seen on the temperature/enthalpy
diagram.
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Temperature,
°c

Enthalpy, J/kg
Fig. 5.2

Enthalpy at point A = hflo3 + 0.72 hfgm3

= 431.7 + Q.72 x 2248.9
= 2050.9 kJ/Kkg
Enthaipy at point B = hfa? = 364.3 kJ/Kg
Enthalby change of steam = 2050.9 - 364.3

1686.6 kJ/kg
Heat galned by feedwater = Heat lost by steam.

58977 = 1686.6 x m
m = 58977/1686.6 = 35 kg/s
Try these problems and compare your answers with those at the end of
the module.

Q5.9 A feedheater is fed with extraction steam from a turbine.
The steam enters the heater shell at 180°C in a saturated
condition. The drains from the heater are at 160°C. The
feedwater inlet temperature 1s 150°C and the outlet is
174°C. The feedwater flowrate is 1000 kg/s.

Determine the steam flow to the feedheater.
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05.10 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.

* % &k & &

Cycle Efficiency

The cycle efficiency increases when the average. temperature at which
heat 1s supplied to the water/steam:-mixture - in the boiler is as high
as possibie. This can happen when the steam generator is supplying

only the latent heat of vapourization, le, when the inlet feedwater

is not subcooled.

In practice, this 1s not possible to achleve 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
1tquid up to the saturation temperature, 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 feedheat1ng system changes this picture considerably. . It uses
heat from the turbine to raise the temperature of the feedwater from
35°C to 175°C. '

There ts a second benefit in using feedheating. It 1s 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 CCH. This
large quantity 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 Tiquid.

The steam turbine has a design 1imit of around 10 - 12% moisture
beyond which rapid erosion would result,

The quality of steam entering a feedheater is of no significance
from a heat transfer point of view. Consequentiy, 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.
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Q5.11 (a) If we can use the latent heat instead of rejecting it
to the CCH, why don't we extract more steam from the
turbine to heat the feedwater?

(b Maximum cycle efftciency occurs when the heat ts added
tn the steam generator at 250°C. HWhy is the feedwater
not heated to 250°C using extraction steam from the
turbine?

05.12 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.

Compare your answers with the notes at the end of the module.

L 2 I

A numerical demonstration of the beneflt of feedheating consists of
making a comparison of the cycle efficlency in a system with no
feedheating against the same system equipped with feed heating.

In this exercise, we have to make some assumptions and this is 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
cycle efficiency with and without feedheating using saturated steam

extracted from a turbine at 120°C. State any assumptions that are
made,

Assumptions
1. Boiler produces saturated steam at 4 MPa(g).
2. Turbine exhaust temperature s 35°C.

3. 10% of the steam flow in the turbine is extracted for feed
heating.

Assume turbine exhaust is 10% wet.

Assume no subcooling in the condenser.

h tn A

Neglect pump work.

7. Ignore pressure and heat losses in the piping.
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In this question, we have two conditions to examine:

(a) with no feedheater,
(b> with feedheating.

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

GCase (a) No feedheating

Tl =»W

*3 12
Q:) —Qrejected

Pump

Fig. 5.3

Assume 1 kg/s of steam from the boiler. The enthalpy of this steam
at the turbine inlet (1) is :

hy = hgaypa = 2800.3 kd/kg

The enthalpy of the turbine exhaust steam (2) is calculated using
the famitlar formula:

hy = hF3s + G2hfgag
= 146.6 + 0.9(2418.8)
= 2323.5 kJ/kg
The turbine work is calculated as follows:
W mhy - hy)
= 1(2800.3 ~ 2323.5)
= 476.8 kJ/kg

The heat supplied to the‘working fluid 1s found using the formula
Q = m(hy - h3) where h3 = hg3g = 146.6 k/Kg.
Q = 1(2800.3 - 146.6)
= 2653.7 kJ/kg
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The thermal efficlency 1s caiculated as follows:
n =g

_476.8
= 2653.7 X 100%

-~ 18%
Case (b) With feedheating
Additional Assumptions:
Y. Ten percent of steam is extracted from the turbine.

2. Enthalpy of extracted steam is 2500 kJ/kg (any value between
2800.3 and 2323.5 kJ/kg).

3.  Extraction steam and feedwater mix togethef in the feedheater.

4. Feedheater does not lose any heat from extracted steam.

- ———

Q—= B

3% 1kg/s

Pump

@ > Qgjacted

The turbine work 1s calculated as follows:
W = work from 1-4 + work from 4-2
= 1(h1 - hg) + 0.9Chg - hy)
= 1(2800.3 - 2500) + 0.9(2500 - 2323.5)
= 459.2 kJ/s
In order to calculate the heat suppliied in the boiler, we have to

calculate the enthalpy of boiler feedwater. To do this we must
balance the heat transferred in the feedheater.
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Mghg + Mmghg = (Mg + Mg)hy
-
o m4h
3

™.h
g * Mg0eag
m4 ) h5

0.1 + 0.9
= 381.9 ki/kg
The heat supplied in the boiler is given by
Q = m3Chy - h3)
= 1(2800.3 - 381.9>
; 2418.4 k)/s

Now calculating the thermal cycfe efficiency gives

1‘]-

;-

T 2418.4
= 19%

Therefore, feedheating reduces the amount of work produced by the
turbine, but also reduces to a larger extent the. amount of heat
added in the boiler. This results in a higher cycle efficiency.

In relative terms this increase in efficliency ¥s ~5.6% [(19-18)/18

x 100%]. This has been achieved by only one feedheater where in
practice we have several feedheaters and cycle efficiency will
increase accordingly. Note though that there is an optimum level
above which an increase in feedheating capacity shows no increase in
tycle efficiency. ,

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

05.13 Explain why steam is extracted for feedheating and not
allowed to do further work in the steam turbine.
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Saturated steam 1s supplied to a feedheater at 180°C.
Demonstrate the benefit of feedheating by considering 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 diagram to explaln your reasoning.

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

* k &k %k %
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MODULE 3 - ANSKERS
05.1

The pressure in the cylinder would start to fall. The reason for
this is that as the temperature of the 1iquid falls, so does the
volume that the Tiquid occupies. (If you want to get technical,

it's due to the molecules not vibrating so rapidly as the
temperature decreases and they effectively occupy a smaller volume.)

This ts exactly the sitvation that we have with the PHT system and
to overcome the problem of changing pressure, we remove some mass of
D20 when the temperature rises and we add some mass of D20 when

tﬁe temperature falls. This ts done with the feed and bleed system.

05.2

If you sald that the pressure Increases or decreases you could be
- right but with quatification.

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 fanh are shut down.

(b> Short term imbalance occurs due to the heat from the engine
not changing dramatically whilst the heat rejection from the
cooling water via the radiator decreases significantly. As a
result, the temperature starts to rise.

(c) As the temperature rises, the liguid expands and the system
pressure increases until the pressure relief valve allows the
system pressure to force the excess fluld into a reservoir.

{d) As the engine starts to ccol down, the coolant system is
lostng more heat than is being supplied because the engine fis
no tonger supplying heat, being shutdown. As the temperature
falls, so does the pressure. Eventually, the pressure in the
cootant system becomes below atmospheric and atmospheric _
pressure ts able to force fluid back into the coolant circuit
to make up for the fluid contraction which has taken place.

This 1s a familiar pattern of events when looking at a closed fiuid

-heat transfer system. How many gclosed fluid heat transfer systems
could you come up with?
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The propane vapour 15 generated by adding latent heat to the
saturated ¥iquid 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 is
avallable from the atmosphere, then the temperature of the tank
contents start to fall and of course, so does the pressure. If the
usage s heavy, then the temperature will fall down to the dew point
when condensation will appear on the tank and then down to the frost
point 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 avatlable at all because there
would be no pressure difference.

Q5.4

Consider a feedheater that is pressurized with steam from the
turbine but has no feedwater flow. In this situation, no heat is
being transferred from the extraction steam to the feedweter.

If the feedwater flow 1s established, the extraction steam will
condense on the feedheater tubes as the latent heat is removed.
This condensation process results in a local reductton in pressure
around the tubes and initiates some steam flow.

This process of 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 feedheater will
be at Tower values and the feedwater temperature will have increased.

This process is happening all the time creating a self regulation
effect so that the heat removed always balances the heat suppiy.

05.5

As the unit power 1s ratsed from 50% to 100%, itwo major changes take
place on the feedheater. As the steam fiow 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 feedwater flow to
the steam generator and so heat is being removed 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.
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It is probably easter to draw up a table of heater conditions and
then write an explanation for the changes.

Feedwater ' Steam
Flowrate . Dacrease(G) Decrease
Inlet Temp T Same (G) Increase
Outlet Temp } Increase N/A
Feedwater Tz-%] 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 imbalance
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.

Hhy does the feedwater outlet temperature rise in this situation?
There are two reasons, one more stgnificant than the other. In any
heat transfer operation the amount of heat which is transferred is
a function of temperature difference and time.

At the lower flowrate, the feedwater velocity ¥s slightly reduced
which means that there is slightiy more time available for the
feedwater outlet temperature to move towards the feedheater steam
temperature.

More significantly, as the temperature in the steam side of the
feedheater rises, there becomes a larger difference between the
steam temperature and the average feedwater temperature and more
heat s transferred. 1In this way, the AT for the feedwater has
increased across the heater although the inlet temperature remained
constant and the feedwater flowrate decreased.
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In this exercise, the feedwater flowrate is 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 1n the
steam space to the lower temperature feedwater.

There is now an energy imbalance where mere heat is being removed
from the feedheater than s being suppifed-and.the:temperature in
the steam space starts to fall. As the temperature in the steam
space drops, so does the pressure-and more- extraction steam flows
from the turbine to the heater,

In summary condttions 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 rise across the heater will increase.

05.8

Some stgnificant 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 untll the point is reached when the GSVs are fully opened and
there s 11ttle throttling across the GSVs.

At this point the steam pressure at the emergency stop valves fs
being evenly dropped across the whole of the turbine 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 feedheaters. More
extraction steam flows to the heaters which means that more heat 1s
being supplied to the feedheaters than is being removed by the
feedwater and the shell temperature rises which means that the shell
pressure also rises.

The higher temperature in the steam space increases the heat

transfer to the feedwater and the feedwater outlet temperature on
all the heaters increases.
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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 tncreasing the feedwater flow through the heaters will
further increase the rate of heat transfer and the extractign 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 is
the condensate temperature from the condenser.

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 tncrease.

Q5.3

Using the temperature/enthalpy dlagram, we can see that the heat
lost by the steam is the difference between h9180 and hflﬁooc.

Temperafure,
%

180

160

Enthalpy, J/kg
Fig. 5.5
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Enthalpy difference of the

Heat lost by

Heat gained by the feedwater

225 -5

steam = hy - hg

hg180 = P60
2776.3 - 675.5

2100.8 kd/kg

steam = m_x 2100.8 kJ per second.

heyr4 = P15
736.7 - 632.1

104.6 kJ/kg

Heat gained per second = Mass ¥ enthalpy change

The heat lost by the steam
mx 2100.8
m

1000 x 104.6

104600 kJ

= heat gained by the feedwater
= 104600 kJ
104600/2100.8

49.8 kg/s

UUS/KS
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In this example, we know everything about the steam and have to find
the feedwater temperature.

Temperature,

Enthaipy, J/ kg
Fig. 5.6

Change in enthalpy of steam to condensate is hgao - thG
hg = 2643.8 kd/kg
hfs6 = 276.2 kJ/kg

Change in enthalpy = 2643.8 - 276.2
= 2367.6 kJ/kg

Heat lost by steam per second
= mass x enthaipy change

= 60 x 2367.6
- 142036 kJ
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Heat gained per second by the feedwater

Heat 1

= mass x enthalpy change

mass x (hey = hfaﬁ)

850 x (hey - 150.7) kJ
Heat gained by feedwater

ost by steam

142056 = 850 x (hey - 150.7) kJ
142056/850 = hey - 150.7 kJ
167.1 = hey - 150.7

therefore, hey = 317.8 kJ/kg

'x' is temperature corresponding to a 1iquid enthalpy value of 317.8

kd/kg.

From table 1, x = -76°C when hf = 318 kd/kg

Q5. 11
{a)

(b

Although there ¥s a lot of low temperature heat available that
would normaily be rejected to the CCH, it ts of 1tttle use in
heating the feedwater. The reason for this 1s simply that the
temperature of the steam 1s very close to that of the
condensate so the amount of heat which may be transferred 1s
extremely limited.

To obtain better heat transfer, we can use higher temperature
steam but as steam is extracted at higher and higher
temperatures, the turbine work 1ost to feedheating increases.
There is an economic point beyond which feedheating is of no
further benefit. In the Candu system, this optimum occurs
when the feedwater temperature is around 175°C.

Before we examine this principle any cioser, let's make a
statement of fact.

"I+ is impossible to raise the temperature of the feedwater to
250°C using heating steam which is also at 250°C."

So, why can't we heat the feedwater to 240°C? In practice,
the feedwater ocutlet temperature ts roughly 4°C below the
extraction steam temperature to the heater. If we wanted
feedwater at 240°C, then we would have to use steam at 244°C.

This situation creates a conflict of interest. He want to
maximize the cycle efficiency by ralsing the feedwater
temperature but we also want to use the high temperature steam
in the turbine where it is of most benefit in producing work.
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The action that would follow a significant loss of feedheating
capacity depends largely upon where in the feedheating cycle the
Toss occurs.

If the loss occurs itn the early part of the feedheating system, then
it is possibie 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 wil)
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 consegquently, electrical power would be
reduced.

If the feedheating was unavailable at the high temperature 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 HT
system in the steam gererator. The average temperature and pressure
in the steam generator would fall, assuming reactor power is
constant and 1n a reactor leading program, the BPC program would
sense & mismatch and reduce the turbine load.

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 CCH system. Even {if the vacuum
unloader did not operate, an increased pressure in the condenser
would reduce the enthalpy drop across the turbine. This pressure
tncrease would be too small to cause any measurable change in steam
flow. HKould the turbine power level change?

Q5.13

When the steam is exhausted from the turbine, 1t 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
CCHW, 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 1s gained from the extraction steam.

As the steam temperature fincreases, the penalty in lost turbine work
also increases when using high temperature steam for feedheating.

-9 - 0037k4



228 =%

The closer the feedwater 1s to the saturation temperature in the
steam generator, the more effictent the cycle becomes. Typically,
the saturation temperature 1s 250°C but it 1s 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 economic cot-off temperature above which the
penalty of using high temperature steam becomes unacceptable.

Q5.14

ﬂ First of all, state your assumptions - all of them.
(a) Turbine exhaust temperature is 35°C.
(b> Turbine exhaust moisture is 10%.

(c) MNo subcooling occurs In the condenser.

(d) 20% of the steam f!ow 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% moistore at 35°C.

Tempercture,
%

Enthalpy, J/kg
Fig. 5.7
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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 is 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.

The loss of heat is the 90% of the Tatent heat at 35°C. So the
recoverable heat is hg o, - 0.9 hfgye

= 2776.3 - 0.9 (2418.8)
= 2776.3 - 2176.9
= 599.4 kJ/kg of steam at 180°C

This represents both the heat in the condensate and the work done in
the turbine.

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 witl show a 20% reduction of recoverable

heat.

Recoverabie heat from the turbine and condensate with 20%
extraction steam = 0.80 x 599.4

= 479.5 kJ/kg of steam at 180°C.
(b) The Feedheater

He can see how much recoverable heat is available from the
feedheater by drawing the temperature/enthalpy diagram.
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Temperature,

°c

180

Enthalpy, J/kg
Fig. 6.8

The enthaipy 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. So the total heat
in the steam 1s recovered. :

h9180 = 2776.3 kJ/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.
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Course Objectives

T.  You will be able to explain four advantages of ustng a
condenser instead of rejecting the exhaust steam to atmosphere
from a steam turbine.

2. You will be able to explain the changes which occur to pressure
and temperature when steam or CCH flowrate conditions change in
the condenser.

3. You will be able to 1tst a sequence of steps designed to
eliminate the causes of increased condenser pressure. You will
be able to explain the reasoning for each step.

4. You will be able to explain two undesirable consequences for
each of the following conditions:

(a) operating the condenser above design pressure
(» operating the condenser below design pressure.

5. Glven condenser conditions relating to steam and cooling water,

you will be able to calculate either the CCH flow or the steam
flow. : :
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CONDENSER PERFORMANCE

In this modutle, we will be looking at condenser performance 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 liquid coolant.

Why do we need a condenser? 1It's a simple question that has a more
complicated answer. You may say that the condenser {s in the design
to allow the cycle effictency to be optimized. That's not .
altogether true. The fact that we do use a condenser does allow us
to maximize the efficlency of the cycle, but that ts not the prime
reason for using a condenser.

If we did not bother to collect the exhaust from the turbine and
return 1t to the system, the costs of operating a unit would be very
high.

We would be throwing away hot demineralized water at the rate of
around 1000 kg every second. This 1s obviously an impractical
situation. The size of the water treatment plant and storage would
be enormous.

It is an advantage to retain the working fluid within the system.
The need for phenomenal quantities of treated water is eliminated
and some of the remaining heat in the cooling fluid ts recovered.

After the steam turbine, the working fluid 1s returned to the boller
for heating. The boiler is at a much higher pressure than the
turbine exhaust so we must raise the pressure of the working fluid
to a higher pressure than the boiler in order that the working fiuid
can flow into the boiler.

This creates a basic problem. The exhaust steam from the turbine
exhaust has a very large volume, even at atmospheric¢ pressure and
the easlest way of raising the pressire 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, more, in fact, than the
turbine could produce.

If we could reduce the volume of the working fluid and pump liquid
instead of vapour, the problems wouid be much more acceptable.

The condenser allows the volume of the working fluid to be reduced
dramattcally; a reduction in volume of around 28000 to 1, 1e, 1 kg
of steam at low condenser pressure occuptes around 28000 1iters.
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 turbogenerator 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
1iquid to occur. HWe do manage to keep the remaining sensible heat
in the resuiting condensate 1n the condenser hotwell.

Before we move on, answer the question below and check your answer
with the notes at the end of the module.

Q6.1 Explaln the function of the condenser and describe three
advantages that artse from a plant design using a condenser.

Cycle Efficiency

Having made a decision to use a condenser, we are now faced with
another problem. At what temperature should the condenser operate?

Thermodynamically, 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 condenser is at maximum.

In practice, the type of nuclear fuel that 1s used dictates that the
steam temperature is around 250°C as we will discuss 1n more detail
“in Module 8. 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 cooling water. In the summer time, the CCW
inlet temperature may be falrly high 1n relation 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 around some temperature
between the two extremes. ' '

Suppose the mean temperature, ie, the average between the CCHW 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 condensation is to
occur, the latent heat of vapourization has to "flow" from the
condenser steam space to the CCW system. Therefore, there has to be
a temperature difference between the steam and the average CCHW
temperature.

In practice, the lowest femperature in the condenser is about

28°-33°C and this is the temperature for which the condenser heat
transfer will be designed.
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The potential cycle efficiency is now fixed based upon a maximum
temperature of 250°C steam and an exhaust temperature of 33°C.
Obviocusly, these temperatures will vary from station to station but
the principle s still valid.

You can see now why I said that having the condenser to maximize the
efficiency wasn't altogether the true picture. We needed the
condenser to return the working fluid to the steam generator, and
having made that cholice, 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.

Q6.2 Exptain why steam is not expanded to 10°C in the turbine
when the CCH inlet temperature 1s 0°C.

L I

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 condenser tube to
f1lustrate the ideas so that we can visualize what 1s happening in
practice.

Steam Heat
Space cc
: w
CCW [ — Y -
Outlet _ Inier
Fig. 6.1

Let's just take a look at the diagram. The tube represents one
condenser tube through which the CCW 1s travelling and through the
walls of which the heat flows from the steam to the CCH. 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. In
practice, the heat transfer is more complex than this but a
simplistic approach will allow a clearer understanding of the
concept.

The average CCW temperature = Quflet + Inlet.
2

Consider the steady state sttuation in the tube. The temperature in
the steam space is T, and the average temperature of the CCH is

Twa- Tg §s greater ihan Twa and heat 1s fiowing from the

steam space to the CCH 1n proportion to (Tg - Tyy).
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The temperature rise across the condenser tube is Tout - Tip-
The pressure which exists In the steam space is the saturation
pressure for temperature Ts.

Let's consider several changes in the system and examine the effects
on the rest of the system.

CCH Inlet Temperature I[ncreases

Initially, the heat transferred will stay constant. Suppose the CCHW
inlet température rose by 4°C, then the ocutlet temperature would
rise by the same amount because Initially, the same amount of heat
would be transferred. MWhat happened to the average CCH temperature
Twa? If the inlet temperature rose by 4°C and the outlet
temperature rose by 4°C, then Tyy would rise by 4°C.

What has happened to the temperature difference (Tg - Tya)? As
the average CCH temperature has risen, so the temperature difference
has decreased and less heat is being transferred.

Exhaust steam is stil]l entering the condenser at the same rate but
the heat rejection rate to the CCW has decreased. What will be the
effect of this energy imbalance? How does it affect the condenser?
The temperature in the steam space wil) rise. HWhat will happen to
the condenser pressure? It will rise with the rising temperature to
maintain the saturation pressure corresponding to the temperature.

As the condenser pressure rises, the difference In pressure from the
GSVs to the condenser decreases and the available enthalpy
decreases. However, the steam flowrate essentially remains constant
because the increase in condenser pressure will be of the order of a
few kPa compared to a pressure difference of the order of 4 MPa
between GSVs and the condenser. This is assuming condenser pressure
has not reached a level at which the vacuum unloader operates.
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The changes may be reflected by recording in table form.

Steam CCH
Flowrate _ Same Same
Inlet Temp X Increase
Qutlet 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.

Q6.3 Explain how temperatures, pressure and flowrates are
affected in a condenser when the CCK inlet temperature
falls. Summarize your answer in table form.

LI B N N
CCH Flowrate Increases
To examine the effect of change, we inttially must assume that the
rest of the system remains at the same level of operation. If the
CCH 1nlet temperature remains constant and the heat rejected from
the condenser remains constant, the effect of increasing the CCHW
flowrate will be to Tower the CCH 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 CCW outlet temperature lowers the average CCHW
temperature which Increases the temperature difference between the
CCH and the condenser steam space and more heat flows to the CCHW.
There 1s now an tnequilibrium because heat is being removed at a
greater rate than 1t is being supplied and the temperature in the
steam space starts to fall. The condenser pressure falls with the
temperature. The system finds a new operating point with a lower
CCH outlet temperature, lower condenser pressure and temperature,
and essentially the same steam flow. -
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Steam CCH
Flowrate Same Increase
Intet Temp X Same -
Outlet Temp X Decrease
Ave Temp Decrease Decrease
Pressure Decrease X

Answer the following question and compare. notes at the end of the
module.

Q6.4 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 .1n table form.

* * N & R

A condenser is designed to operate at.a particular pressure, a
pressure chosen to optimize turbine performance and feedwater cycle
efficiency. Deviations from the design value of condenser pressure
can create problems, as we will see later on. Such deviations can
be caused by any of several reasons:

n of lowr

- Thts sitvation may occur because the condenser tubes are blocked, or
because of the loss of a CCH pump. Another possibility is reduction
of CCH flow due to accumulated gas in the water boxes (which can be
confirmed by checking the vacuum priming system).

The result of reduced CCH flow will be an increase in CCW outlet
temperature, and hence an increase in CCH average temperature. This
-will, in turn, cause steam temperature and pressure to go up in
order to maintain a constant AT between the steam and cooling

water sides. Turbine exhaust temperature will increase, as will
condensate temperature. These effects are summarized in the Table 1
on page 9.

Fouling Q f the Heat Trapsfer Surfaces

Fouling 1s caused by contaminants being deposited on the heat
transfer surfaces. Contaminants can be algae, corrosion scale, oi}l
or other deposits on either the CCW side or the steam side of the
condenser tubes.
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Fouling reduces the heat transfer coefficient for the condenser
tubes, and therefore forces up the steam space temperature (and
pressure) in order to maintain the same heat transfer rate across
the tubes. As in the case of a CCH flow reduction, turbine exhaust
temperature and condensate temperature will both increase. There
will, however, be no discernible change on the cooling water side
(Table 1 - page 9).

Change in CCW Inlet Temperature

Cooling water inlet temperature will vary with the season and the
weather conditions. An increase in CCW inlet temperature wili
result in a corresponding increase in CCH outlet temperature, and
hence an increase 1n average temperature on the cooling water side.
Steam side temperature and pressure will increase to compensate.
Turbine exhaust and condensate temperatures will both increase.

Alr Ingress

Since the condenser operates at a pressure below atmospheric, leaks
will allow atr to enter rather than allowing steam to escape. If
air is drawn Into the condenser 1t will impair heat transfer from
the steam side by "blanketing" the condenser tubes and reducing the
transfer coefficient. Steam space temperature and pressure will
rise in order to maintain the heat transfer rate, while conditions
on the cooling waterside should show no significant change. Turbine
exhaust temperature will increase, as will condensate temperature -
but there will be a AT between these two values, with condensate
temperature lower than 1t should be. '

This rather unexpected effect arlses as follows. In normal
operation, very little air enters the condenser. One air extraction
pump has no difficulty extracting it, and 1ts effect is very small.
As the leak rate increases, however, the alr - in addition to
impeding heat transfer across the tubes - begins to collect in the
region of the condenser where steam pressure is lowest (ie, near the
suction of the air extraction pumps).

Now, according to Dalton's Law of partial pressures, the temperature
of the steam at any point in the condenser is dependent only on the
partial pressure of the steam, not on the total pressure of the
steam and air. At the turbine exhaust, the quantity of steam is
much greater than the quantity of air, 5o the steam temperature at
that point will be very close to the saturation temperature
corresponding to total condenser pressure. If the latter were

7.0 kPa(a}, for example, steam temperature would be 39°C.
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At the extraction pump suction, however, the ratio of steam to air
is much lower, the actual value depending on how bad the air
Inteakage is. If the ratio were 50:50, and the pressure was

6.0 kPa(a) at that point, the partial pressure of the steam would be
onty 3.0 kPa(a); any condensate forming there would have a
saturation temperature of only 24°C. Naturally, only a relatively
small quantity of condensate of such low temperature will be
produced, because there isn't much steam in that region. There will
be enough, however, to keep the overall condensate temperature from
ristng as high as the overall pressure would lead us to expect. 1In
other words, the condensate will appear fo be subcooled.

Apparent condensate subcooling ts not the only characteristic
feature of air inleakage. The level of dissolved oxygen in the
condensate will increase as more air Teaks into the condenser, and
of course the l1oad on the air extraction pump will increase, too.
In fact, 1f the standby pump cuts in during normal operation, this
can almost always be taken as a sign of worsening air inleakage.

Flooding of Condenser Tubes

If a problem of level control arises in the condenser hotwell, the
Tower heat transfer surfaces may become covered by condensate. This
flooding will reduce the heat transfer surface available for
condensing the steam. This will result in an 1ncrease in steam
space temperature and pressure.

Since some tubes are flooded the cooling water causes subcooling of
the condensate. The sensible heat removed from the condensate is
small in comparison with the latent heat of vapourtzation and no
noticeable increase in CCH outlet temperature will be experienced.

For example, to condense steam at 5 kPa(a) with a moisture content
of 10% requires heat removal of 2 180 kJ/kg. To subcool the -
condensate by 5°C approximately 21 kd/kg of extra heat must be
removed, fe, 1% more. (Subcooling by much more than this is not
possible as it is limited by CCH inlet temperature.)> If the CCH
temperature differential was 10°C at full power, then 1% more heat
removal would change the temperature differenttial by 0.1°C which 15
not easily detectable. _ ,

Table 1 shows changes (relative to "normal" condenser conditions)
which can be used as a guide in determining the cause for any
increase in condenser pressure. The table assumes that the
regulating system will attempt to keep turbine-generator output
constant and the GSV opening remains unchanged. -
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*May not be measurable.

- 06.5

The pressure-in a condenser is normally 5 kPa(a) and has

1 2 2-1 3 4 5 4-5
Changing CCH CCH CCH Cond. |Turbine{ Cond.|Steam
Condttion Inlet | Outlet AT Press.|Exhaust| Temp.|Side AT
Temp. | Temp. |Change Temp. Change
CCH Flowrate Same Incr. Incr. Incr. Incr. Incr.| Zero
Decrease
Condenser Tube Same Same- lero Incr. | Incr. | Incr.| Zero
Fouling
CCW Inlet Temp.{ Incr.| Incr. Zero Incr. | Incr. | Incr.| Zero
Increase
Atr Ingress Same Same Zero Incr. | Incr. | Incr.| Incr.
Very* Very*
Tube Flooding Same | Small Small Incr. | Incr. | Decr.| Incr.
Increase]{Increase
Table 1

risen to 7 kPa(a). Describe the steps you would follow to
quickly eliminate some of the possible causes for the
increase 1n condenser pressure. Explain why you are
conslidering each parameter.

® R Xk R K

Eariler 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 condenser 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 simplicity, we'll assume that the turbine
expansion is tsentropic which means that the expansion is
represented by a vertical Tine on the diagram.

0036k3



ZalB I smy =
/ AW Tivi AR /17
pAS CANAA 7 v
" A : 7 yi
hA y ' / /
y "/ + y, / /
2 N y o y o
= / b 1, /
e - /
7 Jofbrof_ / y 17 >
y ;04(’_ / o /
- %, W, ™ /
Enthalpy, A . 14 A =
k)/kg ) N =W
N 3‘ Val /
"' Y, N . I 4 rd
" u o \ \ 7\4 e V
SEN YA RIS A AN A L TR
NS § F NI K] A~ ] WD
"lfq’ % b ( - "'L ) . - ‘s
AN A 'V;PP N TA IS A
X \< b > 8PS .\‘F\ > = vd 4
h i =§§ / A 14 - r
B Y '\./ \/ 7 a’ - N‘--.. el
DAV.RYIAN 7b°§ 7~ 1
Y4l JAYARA'GS [~ x
TZAYS \’\*r[ N }\Jv{\_/ 4x
/ AN A A A - ~N.4 Py
i ALZLX VY K1/ o/ Vog
A : /' j( / \97 1
Entropy, k3/kg°C
Fig. 6.3
- 10 - 0036k3




225 - 6

From the diagram, you can see that the exhaust moisture §s around

10%. The ideal work done in
drop from point A to point B.

Thus the turbine work is:
Ha - Hp.

Suppose the CCW conditions ar
40 kPaCa). Let's look at the

the turbine is equal to the enthalpy

@ such that we can obtain a vacuum of
Mollier diagram and see how this

changes the previous operating condition.
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There is an obvious difference when looking at the amount of
enthalpy that is converted into work in the turbine. This work has
increased to Hy - Hc which represents an additional 13% turbine
power. _ .

Why does this present a problem operattonally? You have probably
already noticed the new exhaust conditton from the low pressure
turbine. The moisture level has Increased by around 2%. If this
increased moisture level s experienced for any length of time,
there will be a significant increase in the rate of erosion on the
turbine blading which will increase stresses and accelerate failure
due to increased flow Induced vibration.

The second aspect of this problem is also rejated to blade

stresses. The turbine output power has bheen increased due to the
fncreased enthalpy drop through the turbine. This increased turbine
power level puts more stress on the turbine blading and will
significantly reduce blading 1ife.

Everything has tts price and the price that ts paid for operating
the turbine at exhaust pressures below design values 1s reduced
component 1ife. This reduced 1ife is due to increased stresses as a
result of accelerated erosion and overpowering of the last stage of
the turbine. Condenser tubes would experience considerable erosion
and flow induced vibration.

Let's look at the other condition of operating a turbine with a
higher_pressure than design, ie, a lower vacuum.

From the previous example, 1t will be no surprise to find that the
turbine power has been reduced due to a lower enthalpy drop
avallable from the steam. A reduced steam flowrate due to the lower
pressure difference which exists between the GSVs and the condenser
will only become noticeable if condenser pressure goes very high and
the unloader fails to operate.

The loss of turbine power 15 obviously undesirable but the story
does not end here. Less work 1s done per kilogram of steam which
reduces the cycle efficiency.

A more immediate concern relates again to the turbine biading. The
velocity of the low pressure blade tips is approaching 800 m.p.h.
As the pressure of the steam in the condenser increases, so the
denstty of the steam increases. The increase in density results 1in
an increase in frictional effects on the turbine blading which
resuits in heating.

Thermal expansion of the blading can close up the radial tip
clearances which would cause rubbing and consequent damage. Heating
of blades is a problem at low power where the cooiing effects from
steam flow are much reduced.
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The vacuum unloader reduces the turbine load in the event of a high
condenser pressure,

If reducing the turbine power via the vacuum unloader does not have
the desired effect, the vacuum trip wiill operate at a condenser
pressure of around 25 kPa(a).

It should be restated that if full steam flow is maintained there is
no long term advantage to be gained in operating a turbine at
exhaust conditions other than those for which the machine is
destgned.

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

Q6.6 It appears that the power ocutput of a turbogenerator may be
increased to 110% of rated continuous full power. The
increase 1n avallable power is due to low CCH inlet
temperatures. Describe two turbine related problems which
would result from operating at this condition for any
significant length of time.

Q6.7 If you were faced with the situation in question Q6.6, what
would be your recommendations for operating the turbine?

Q6.8 Explain why a vacuum unioader and vacuum trip facilities are
considered necessary protective .devices on a steam turbine
exhausting to a condenser.

* N & Nk &

Steam Flowrate and CCH Flowrate

The approach to numerical problems relating steam flow and CCH flow
1s exactly the same as the approach we used for the feedwater. Heat
lost by the exhaust steam = Heat gained by CCH. For example, a
condenser is suppited 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 is no subcooling of the condensate, determine
the CCW flowrate.

Heat Lost by Exhaust Steam

A sketch of the temperature enthalpy diagram will quickly confirm
how much heat is lost by the steam.
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At point A, the steam has lost 12% of its latent heat because 1t is
12% moisture. The condensate 1s not subcooled and is therefore,
saturated liquid at 36°C. :

From the diagram, we can see that the heat to be removed from 1 kg
of steam 1s the remaining latent heat, ie, 0.88 hgg3g

Erom Table 1 heg at 36°C = 2416.4 kd/kg
0.88 x 2416.4 = 2126.4 ki/kg.

The total heat lost by the steam per second ¥s found by multiplying
the heat lost per kg by the mass flowrate,

fe 2126.4 x 680 = 1445952 kJ per second. N
Under steady state conditions, this is the heat gained by the CCW.
Heat gained per kilogram of CCW 1s the enthalpy of the [iquid-at the

outlet temperature (4 + 10 = 14°C) less the enthalpy of the 1iquid
at the inlet temperature (4°C).
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Heat gatned ---h1=]4 - hf4

= 58.75 - 16.80
- 41.95 kd/kg.

Every kilogram of CCH picks up this amount of heat in the condenser
until the total of 1445952 kJ has been removed every second. If

} kg removes 41.95 kJ of heat, then 1445952/41.95 = 34468 kg of CCHW
are requived to remove 1445952 kJ of heat.

Every second 34468 kg of CCHW aré required to remove the heat lost by
the condensing steam.

Try these examples and check your answers at the end of the module.

Q6.9

A condenser operates at a pressure of 6 kPa(a) and recefves
steam at a flowrate of 710 kg/s which s 92% dry. The CCHW
outlet temperature i1s 12°C and the temperature rise across
the condenser 1s 10°C. Assuming no subcooling of the
condensate, determine the CCW flowrate required.

45 x 103 kg/s of CCH flow through a condenser with an
intet temperature of 3°C. The CCW temperature rise is 9°C.

Saturated steam §s condensed to saturated 1iquid at 35°C.
Determine the steam flow into the condenser.

LI NN T N
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MODULE 6 - ANSHERS
06.1

It is obviously wasteful to reject the working fluid from a system
at the end of a process. This is particularly true 1f the fluid has
some economic value, eg, contains some heat and has already been
processed as in the water-treatment plant.

Having made the decision to retain the working fluld at the end of
the process and return 1t to the system presents a problem. The
exhaust at the end of the process 1s a mixture of water as vapour
and l1iquid. How do you pump this mixture into the steam generator?
You could use a compressor but because of the very large specific
volume of exhaust steam, the size of the compressor would be
comparable to the size of the turbine and will consume more power
than the turbine produces.

So we can use a pump. The only problem is that most pumps are
designed to handle liqutds and not liquid/vapour mixtures. The only
way that we can produce liquid s to condense 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 Yiquid, thereby reducing the volume significantly and aliowing
the working fluid to be pressurized using a conventional pump.

Three immedtate benefits that arise from using the condenser are:
1.  Use of a small pump instead of a compressor as already stated.

2. Creating a high vacuum at the turbine exhaust thereby improving
cycle efficiency.

3. A significantly reduced treated water usage and plant incurs a
much lower capital and operating expense.

Q6.2

There are two aspects of this question. The first point is that
there has to be sufficient temperature difference between the Steam
and the CCH to be able to reject the heat from the steam to achieve
condensation. In practice, the rough difference is 10°-15°C above
the mean CCH temperature. This ts only a guide but it serves to
t1lustrate 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.
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As the temperature of CCHW inlet rose tn the summer, the CCW flowrate
would have to be increased in proportion to compensate. In
practice, there would be insufficient CCW capacity and the unit
would have to be derated. So we would have gained during the winter
but lost that advantage during the summer. '

Q6.3

We can apply exactly the same rationale as before. Initially, the
heat rejected from the steam in the condenser will remain constant.
As the CCW inlet temperature falls, so the CCW outiet temperature
will also fall. At the same time, the average CCW temperature wilil
fall. .

The effect of the lower average CCH temperature will Increase the
temperature difference between the steam In the condenser and the
CCW and more heat will flow te the CCH.

There is now an imbalance. The CCH is removing more heat than is
being supplied to the condenser and the average temperature in the
condenser falls. As a result of the falling temperature, the
pressure in the condenser also drops.

The effect of the lower condenser pressure is to increase the
pressure difference between the GSVs and the condenser and hence the
enthalpy drop across the turbine.

The system settles out with lower CCH temperature, lower condenser
temperature and pressure and essentially the same steam flowrate to
the condenser.

Steam CCH
Flowrate Same Same
Inlet Temp X Decrease
Outlet Temp X Decrease
Ave Temp Decrease Decrease
Pressure Decrease X
-2 - 0036k3



06.4

As soon as the steam flow into the condenser starts to increase,
there will be an imbalance in the heat input to the condenser and
the heat rejected to the CCH. As a result of the increased steam
flow to the condenser, the temperature in the steam space will start
to rise because with the existing temperature differences between
the steam and the CCH, the CCH is not able to remove the extra heat
energy.

As the temperature in the steam space rises, so the temperature
difference between the steam and the CCW Increases. This increased
differential allows more heat to flow to the CCH and 1s seen by a
higher CCH outlet temperature.

The temperature in the condenser continues to rise until the
temperature difference between the steam and the CCH rises to a
level when all the extra heat energy is being transferred to the
CCH. The condenser pressure will, of course, rise with the
temperature in the steam space.

Steam CCHW
Flowrate Increase Same
Inlet Temp X Same
Outlet Temp X Increase
Ave Temp Increase Increase
Pressure Increase X

Q6.5

In this exercise, we are not concerned with the remedial action to
be taken. Knowing the posstble causes of the loss of back pressure,
the procedure is essentially to 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 1s 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 CCH inlet temperature. If
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{c)

(d)

282 - 6

this has increased, then this will account for some or all of
the pressure increase due to the increase in average CCH
temperature and therefore an increase in the steam space
average temperature. If the CCH inlet temperature is the same
as before the pressure rise, this option is eliminated.

The next passibtlity 1s so obvious that we often forget to
consider 1t. Has the turbine power changed? Has there been a
reduction in steam extracted from the turbine? An increase of
10% steam flow will rajise the CCH outlet temperature by
approximately 1°C if the full CCN fiowrate 1s passing through
the condenser.

The tncreased steam flowrate would have produced an imbalance
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 CCH system.

If the steam flow has not increased, this optton is eliminated.

Has the CCH 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 CCH iniet temperature
have increased as well as the condensate temperature
increasing, then having followed the process to this point
this 1s a likely cause. You must watch that the condensate
temperature increases as well because this option is very
simitar in its effect to that of flooding the tubes with the
exception of the condensate temperature.

The reduced flowrate would result in a higher CCHW outlet
temperature and therefore a higher CCH average temperature.
This would mean that the steam space temperature would have to
rise to maintain the same temperature difference in order to
transfer the same quantity of heat to the CCHW.

The next possibility 1s that of air ingress. If this has
occurred, the alr will act as an Insutating blanket and reduce
the heat transfer coefficient. Condenser temperature and
pressure will rise to compensate, and condensate temperature
will also go up - though not as much as expected. The effect
of the partial pressure of alr in the condenser will make it
appear as if the condensate 1s subcooled in comparison to the
higher turbine exhaust temperature. An additional giveaway to
air ingress will be a marked increase in the dissolved oxygen
concentration in the feedwater.
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(e) Tube flooding is a possibility but does not happen very
- often. The giveaway for tube flooding 15 a significant drop
in the condensate temperature leaving the hotwell. The
subcooling has resulted from the condenser tubes being
fmmersed in the condensate.

(f>  Tube fouling that impedes the heat transfer, as opposed to
tube blockage which restricts the CCH flow, is unlikely to
happen suddenly. This situation usually deteriorates with
time. However, it 1s concelvable that an o1l 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 significant
change on the CCH circuit. The problem is one of higher
thermal resistance to the transfer of the same amount of heat
from the steam to the CCH. This resistance is overcome with a
higher temperature difference between the steam and the CCHW
which results in the higher condenser pressure.

If you followed this exerctse and did not find at least one
possibility for the increased condenser pressure, you should
constder checking the valijdity of the readings you are using. There
are some things which we have to accept and I have accepted that the
increase in condenser pressure indication was real and not a fault
on the data system.

Q6.6

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 extracted from
the steam which looks like something for nothing. However, the only
way that more heat may be extracted from the steam ts to allow more
latent heat to be removed and more steam to condense in the

turbine. The increased motsture will accelerate erosion of the
blading and condenser tubes and flow induced vibration will result
in premature fatigue faflure of the components.

Q6.7

Before you can make a recommendation, you must ensure that you know
why the turbine unit is now operating in this condition. '

The turbine is operating at full rated power and because the CCH
conditions have changed, we now have the opportunity of overpowering
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the turbine which may be desirable in the very short term but 1is
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 temptation.

Let's have a look at this situation from the start. How did the
turbine condttions change 1n the first place? Quite simply - the
.CCH tnlet temperature dropped which lowered the average CCHW
temperature and allowed more heat to be removed from the condeaser
than was being suppiited by the steam.

If we reduce the turbine load, will the condenser pressure 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 CCH. In this sttuation, the condenser
pressure would fall further as the average temperature in the
condenser approached the CCW inlet temperature.

The solutton to the condition is to reverse the effect of the CCW
inlet temperature. If each kilogram ¥s capable of removing more
heat, then to maintain the previous operating condition the

condenser needs a lower CCW flow. How this ts 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
CCH flow from the water boxes with a CCW ocutlet valve.

Hhichever technique 15 employed, a reduction of CCW flow will
restore the turbine power to 100% at design vacuum.

Q6.8

If the pressure in the condenser starts to rise, this 1s an obvious
indication of a mismatch between the heat being rejected by the
exhaust steam and the heat being gained by the CCH.

In this case, the heat being rejected by the steam exceeds the heat
being gatned by the CCH. As a result the temperature and pressure
rise in the condenser. :

The tips of the low pressure blades are travelling around
400-500 m/s and the frictional skin heating effects on the rotating
blades become very stgnificant as the temperature and pressure rise.

Thermal expansion elongates the moving blades. As the temperature
of the blades rises, and the blades stretch, they may close the
radtal blade clearances with the turbine casing and the results
could be catastrophic.
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Unloading is carried out to reduce the heat transfer load on the
condenser and prevent a further increase in pressure. Overheating
becomes more troublesome when steam flow is reduced.

Q6.9

The heat lost by the condensing steam 1s equal to the heat gained by
the CCHW.

Heat Lost by the Condensing Steam

A sketch of the temperature/enthalpy diagram is of help in
presenting the tnitial and final steam conditions.

Temperature,

o)
c LUl
4 kPala)

— —— o PR

b e e e

R

Enthelpy, Jkg
Fig. 6.6

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 1iquid when it leaves the condenser. The heat which has
been removed between points A and B is the remaining latent heat of
vapourization at 6 kPa(a).

From table 2, hey at 6 kPa(a) = 2416 kJ/kg
Heat lost per kg of steam = 0.92 X 2416
= 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).
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Total heat lost per second = 2222.7 x 710

- 157813] KkJ.

This heat is gained by the CCH. The outtet temperature 1s 12°C and
the inlet temperature is 2°C (12°C - 10°C).

Thus heat gained per kilogram of CCH = h¢y, - by,

= 50.38 - 8.39
= 42 ki/kg.

Every kg of CCW removes 42 kJ of heat until 1578131 kJ have been
removed every second.

CCH flow required to remove 1578131 kJ = 1578131 = 37584 kg/s.
_ 42
Q6.10

This time we know the CCW flow and have to find the steam flow. The
approach is exactly the same. '

Heat gained by CCW « Heat lost by steam.
Heat Gained by CCW

Outiet temperature = 12°C (3°C + 9°C).
Inlet temperature = 3°C.

Heat gained per kg of CCH = hfyp - hf3

= 50.38 - 12.60
= 37.8 kJ.

Total heat gained by CCH equals enthalpy rise (37.8 kJ) multipiied
by the CCW flowrate (45 x 103 kg/s).

Total heat gained by CCH = 37.8 x 45 x 103
= 1.7 x 106 kJ/s.

This 1s egqual to'the heat lost by the condensing steam in the
condenser. The heat lost is uncomplicated in this example.
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Fig. 6.7

The steam enters the condenser as saturated steam at point A and
Teaves as saturated liquid at point B. The heat which has been
removed tn the condenser 1s al]l the latent heat of vapourization at
35°C. .

From table 1 hfg at 35°C = 2418.8 kd/Kkg.

This heat is gained by the CCW and steam Is continually condensed
gtving up 2418.8 kJ/kg until 1.7 x 106 kJ of heat are transferred
to the CCH every second.

The steam flow required to transfer 1.7 x 100 kJ/s

= 1.7 x 106/2418.8 kg/s
= 703 ka/s.
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Course Objectives

}. You will be able to explain how the temperature difference
- between the steam generator and the HT system changes during a
"crash-cool™" exercise.

2. You will be able to state how the HT average temperature is
affected by Increasing the thermal resistance of the steam
generator tubes.

3. You will be able to explain why the programmed steam generator
level increases with power.

4. You will be able to explain one problem concerning high botler
level and two problems concerning low boller level. You will
be able to state the control action which 1s designed to
overcome these problems.

5. You will be abie to state the three elements used for boiler
level control and explain why they cannot be used at low loads.

6. You will be able to explain the response of the station control
system to a faliing boiler pressure when control is in the
"'normal' mode and the control of the speeder gear is in 'auto'.

7. You will be able to explain why the BPC program terminates at
170°C when in the 'cooldown’ mode.
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STEAM GENERATOR

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 under normal
conditions. The heat which is removed from the fuel in the reactor
channel by the heat transport D0 is rejected in the steam
generator to the lower temperature light water system.

The steam generator heat transfer takes place at the tube bundles
through which the heat transport fluid, fiows and around which the
feedwater flows.

By varying the rate of heat removal in the steam generator we can
control the rate at which the heat transport temperature changes or
we can ensure that it remains constant, depending upon the power
manoeuvering at the time.

In addttion to acting as the major heat sink for the reactor the
steam generator produces high quality working fluid that may be used
to produce mechanical power in the steam turbine.

The heat that 1s transferred from the HT system to the steam
generator depends upon the temperature difference which exists
between the D70 and the light water in the steam generator.

As the temperature difference increases, more heat is transferred.
In a "crash-cool™ exercise, this 1s exactly what happens. By
rejecting steam from the steam generator to tower the pressure, the
temperature falls as well and increases the temperature difference
between the steam generator and the reactor. As a result, more heat
1s transferred and the cool-down rate of the reactor is increased.

The heat which s 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 HT system in order to transfer the same quantity of heat.
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Q7.1 Expiain how the temperature difference between the HT system
and the steam generator changes during a "crash-cool”
exercise.

Q7.2 Explatn how an Increase in thermal resistance, across the
steam generator tubes, affects the average HT temperature.

k k * N N

Level Contro]

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 liquid In the steam generator will
expand as the temperature rises. This expansion will cause an
increase in the level of 1iquid in the steam generator.

Po this exercise and compare your answer with the notes at the end
of the module.

Q7.3 Feedwater 1n the steam generator is heated until the
temperature rises from 170°C to 250°C.  Determine the
percentage increase in volume that would occur due to this
temperature rise.

X & koA &

In addition to this increase in level there is another effect which
will occur. As boilling takes place steam bubbles will form within
the 1tquid 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 increases the ratio of steam to 1iguid in the
steam generator will increase and cause an even higher level
although the mass of ’'water' 1n the steam generator will not have
changed.

This increase of steam generator level is programmed into the
control system. The Tevel setpoint in the steam generator increases
linearly with steam flow until maximum steam generator level fis
achleved at 100% steam flow.
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The effect of rapidly lowering the pressure of saturated liquid may
be seen on a temperature/enthalpy diagram.

Temperature,

%% :
A /

Enthalpy. J/kg
Fig. 7.1

The enthalpy remains constant and as the pressure rapidly falis, the
T1quid has more heat than 1s needed for saturation conditions and
the excess heat produces vapour. What happens to the jevel in the
steam generator? It rises. You can see this effect if a large
steam reject valve or a condenser 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
priming the steam lines with }lquid from the steam generator. This
effect of increased volume due to a sudden decrease in pressure or
rise in temperature ts called "swell".

The maximum swell effect in the steam generator would occur when
there is a large demand in steam fliow, eg, an increase 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 inittated to prevent
11gutd being carried into the turbine where massive blade faillure
could occur.
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Look at the following questions and compare your answers with those
at the end of the module.

Q7.4 The mass of "water” is kept constant in the steam generator
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.

Q7.5 Explain why it 1s undesirable to have Tiquid enter the steam
turbine and state how the probability of this event
occurring is reduced.

% R Ak %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 1s instantaneously reduced. Any vapour bubbles
which exist within the 1iguid are collapsed and the 1iguid level
falls. This causes the fiuid in the steam generator to "shrink".

If the steam generator is operating at a low level when the turbine
trip occurs, then the resulting shrink may resuit in-a very low

steam generator level.

There are two potential problems with a very low steam generator
Tevel. First, as the water inventory in the steam generator falls
the capacity as a heat sink for the reactor is aiso reduced and this
is obviously an undesirable trend.

Secondly, if the level in the steam generator falls any further the
tube bundle will be uncovered and dry out will occur. The reduced
heat transfer area immediately impairs the heat transfer across the
tubes. causing HT temperature and pressure changes which will be
discussed in Moduie 8. The dissolved solids existing in the steam
generator will "bake out" on the tube surfaces and tmpede future
heat transfer. '

Normal control action should maintain level in the correct operating
range, but if sudden shrink causes too low a level it is
accommodated inftially with an alarm which may allow operator
action. If this is not successful and level continues to drop,
there will be a power reduction, by setback or stepback depending on
the design of the particular untt. A reactor trip would follow if
the level dropped even further. The effect of reducing reactor
power rapidly is to preserve boller inventory. This gives time to
correct the problem, 1f that is not possible, to transfer to an
alternate means of removing decay heat.
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Answer the following questions and compare your answer with the
notes at the end of the module.

Q7.6 Explain why the level in the steam generetor inftially falls
on sudden reduction of steam flow.

Q7.1 Explain three potenttal problems of Tow steam generator
level and how the effect of these problems 1s reduced in
practice.

* k R R &

There are three signals used for the level control program,

(a) steam flow,
(h) feed flow,
(c) actual level.

The steam flow signal is used to produce a programmed level setpoint
for the steam generator which varies iineariy from 0% to 100% steam
flow.

Control circults compare steam and feed flows for mismatching, they
also compare actual and programmed steam generator 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 system because the
flowrates are so low. One minute there 1s 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 s
essentially controlted by the level controlier exclusively. 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

Change of Steam Generator 2001

Level vs. Power T 193)
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Level, ¢+
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Power, %,

Fig. 7.2

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.

Q7.8 Why do you think this difference exists? Compare your
answer with the notes at the end of the module.

Q7.9 State the three elemants which are used in a botler level
control program. Explain how level control is effected at
low power levels.

Q7.10 The high Tevel alarm has been received on a botler. What
actions can the operator take?

* W ok Rk W
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Boller Pressure Control

Boiter pressure is used to control the mismatching which may occur
between the thermal power produced by the reactor and the thermat
power removed from the steam generator by the steam flow.

As we have already discussed, in a saturated steam system etther
temperature or pressure may be used to represent the same heat
quanttties. In the Candu system we use pressure because it is so
sensitive to changes 1n the baltance of thermal power.

The main heat sink for the reactor 1s the steam generator. In turn,
the steam generator has its own heat sinks, some small, some large,
some varlable, some fixed.

Steam Turbine

This §s the normal consumer of steam from the steam generator. At
Ptckering NGS-A 1t is capable of ustng all the reactor steam. At

Bruce NGS-A the situation 1s complicated by the supply of reactor

steam to the Heavy MWater Ptlants.

At Bruce NGS-A the turbine cannot take all the reactor steam and
consumes 88% of the total reactor steam 1f 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 Relect/Discharge Valves

These valves are capabie of discharging any steam flow necessary to
restore system control. If the turbine is avaiiable there is
usually an offset before these valves operate, to allow the governor
system to have an effect on the steam flow via the GSV.

If the turbine is not avallable, the offset is removed and these
valves operate as soon as the pressure setpoint 1s exceeded. If the
mismatching is large enough for the main reject/discharge valves to
operate, then a reactor setback is initiated until the ilarge valves
close and equilibrium is restored.

Safety Valves |

In the unltkely event that the turbine and/or the reject/discharge
valve systems cannot control the pressure excursion, then the steam
generator safety valves will allow the excess steam to be vented to
atmosphere.
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Auxiliaries (Deaerator, Gland Steam, Steam Afr Ejectors)

These loads are relatively fixed and although they may account for
up to 10% of the total steam flow, they do not appear as
controllable heat sinks from a steam generator pressure viewpoint.

Boiler Blowdown

This is a variable heat sink and may affect the steam generator.
However, the flowrate is only 1-2% and as a result has an
insignificant effect on boiler pressure.

07.11 List the three major heat sinks for the steam generator and
state when they are used.

" R & N W

Boiler Pressure Set Point "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 1s constant at 4.3 MPa(a).

At Pickering NGS~A the pressure setpoint falls from 5.09 MPa(a) at
0% power to 4 MPa(a) at 100% power.

The rationale for these two situations wil} be discussed in further
detail in Module 8 "Reactors". At this point this is the set of
conditions that have to be met by the steam pressure control
programs at each station.

BPC Pressure Setpoint vs. Unit Power

PN 034

-

Pressure, 467
MPald) 44t angsa

421 \
40T _

Unit Power, %
Fig. 7.3
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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
this? 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 pressure 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 via the steam. There are two ways that we could to
this:

(a) Rafise reactor power.
(b) Decrease steam flow from the boiler.

In practice the method used would depend upon the mode of controt.

On the other hand, if we wanted to lower the steam generator
pressure, there are two actions that could be taken:

(a) Reduce reactor power.

(b) Increase steam flow from the steam generator.
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 {5 used at
Pickering NGS-A as the 'normal’ operating mode and 1s used at Bruce
NGS-A for low power operation and for abnormal conditions.

Reactor Lagging Mode

In this mode, the generator load is kept constant and the reactor is
controlled to maintain the boller pressure setpoint. Thts is the
‘normal’ mode used at Bruce NGS-A.

Boller Pressure Control - Reactor Leading

In this mode, the reactor power 1s 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 belng 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 the
governor steam valves to allow more steam to flow out of the steam
generator into the steam turbine, thereby reducing the steam
generator pressure back to the programmed setpoint for that reactor
power,
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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, e, 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 does 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 qutckly reducing the mismatch in power.

If the untt power 1s to be reduced, a reduced demanded reactor power
ts 1nput. The steam pressure starts to fall as now more heat is
being removed from the steam generator than is being supplied by the
reactor. o

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.

Q7.12 Describe how a rising boiler pressure signal would be
handled with a "reactor leading" mode, at power, when the
speeder gear is not controlled by the BPC program.

* ok ok ok &
y r -

In this mode the generator powerlis kept constant and the reactor
power setpoint 1s ad)usted to maintain the pressure setpoint.

Suppose we wanted to raise unit power. Initlally an increase 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 responds to the falling boller pressure by
raising the reactor power setpoint until the boiler pressure returns
to the programmed value.

As already mentioned, this mode applied only at Bruce NGS-A. In
extreme cases where the reactor manceuvering cannot control the
pressure, the BPC program reverts to reactor leading. In the high
pressure situation atmospheric steam discharge valves relieve the
excess pressure. If the boiler pressure error is too large because
of low pressure, a slow speeder runback ts inittated until boller
pressure is restored.
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Q1,13 Describe how a falling boiler_preésure signal would be
handled with a "reactor lagging” mode at power.

" h k Kk &

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 s vented to atmosphere via the steam reject vaives
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 ts an automoblle 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 radlator due to the higher coolant temperature
resulting from the higher pressure.)

Cooldown Mode

In the cooldown mode heat has to be removed from the reactor until
the reactor can be cooled with shutdown cooling. .

If the turbine is available the turbine load can be reduced using
the BPC program so that the electrical output reduces with the
reduced steam flow avallable from the steam generator.

If the turbine is not available, as in a turbine trip, then steam is
rejected etther to atmosphere via steam reject valves at Pickering
NGS or to the main condenser via condenser steam discharge valves at
Bruce NGS-A. Thts process continues until the temperature of the
PHT falls to around 170°C at which point the SRV's are full open and
no longer capable of reducing the PHT temperature in a controlled
manner. It is at this point that the shutdown cooling takes over.

Q7.314 Explain why the BPC program terminates at 170°C when in the
- 'cooldown' mode.

* k X & ¥
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MODULE 7 - ANSHWERS
Q7.1

In a "crash-cool" exercise, the steam is rejected from the steam
generator fast enough that the pressure will fall. In this
situation, the temperature in the steam generator falls with the
pressure. The result of the falling temperature 1s to increase the
temperature difference between the HT system and the steam generator
which increases the rate of heat removal from the reactor and
reduces the time for reducing reactor temperature.

Q7.2

The effect of tncreased 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 HT average temperature. So an increase in the
thermal resistance of the steam generator tubes, due to corrosion

products and other material contamination, will result in an
increase of the average HT temperature.

Q7.3

Using the steam table, we can compare the specific volume of liquid
v¢ at 170°C and 250°C using table 1,

vg at 170°C « 1.1144 ¢/kg
vg at 250°C = 1.2513 ¢/Kkg.
Change in volume = 1.2513 - 1.1144
= 0.1369 #/kg.
This percentage 1ncreasé in volume = (0.1369/1.1144) x 100
= 12.3%.

Obviously there is some increase in level solely due to this
expansion effect.
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Suppose the steam generator i1s at operating temperature but
producing no steam. At this condition the boiler would be full of
1iquid containing no vapour bubbles. The Tevel of the liquid would
be that corresponding to the programmed level at O% 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 1llquid to
a2 higher tevel.

As the rate at which heat 1s being supplied to the boiler increases,
to the maxtmum, so the generation of vapour bubbles reaches a
maximum. At this full power steaming rate the steam generator level
reaches its highest value. '

Steam 1s leaving the boiler and the fluid s being replaced by
feedwater entering the boiler to maintain a level, programmed to the
rate of steaming, to keep the mass of water in the vessel sensibly
constant.

At full load approximately 10% of the weight of fluid in the boiler
is due to vapour bubbles. These vapour bubbles produce an increase
in the total fluid volume of approximately 5 times, when steaming at
full power. '

Q7.5

Liquid has a high density in retation to vapour. It is also
relatively incompressible. This means that when a change of
direction 1s needed with Tiquid flows at high velocities and large
flowrates very large forces can result. Hater hammer is an
t1lustration of this effect. The liqutd will tend to move in a
straight line. Can you imagine a slug of water passing through the
high pressure turbine tn a straight 1ine? Stugs of water in a steam
turbine produce the same type of problem as birds fiying into
avitation gas turbines.

The blading attempts to change the direction of the 1iquid fiow 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.

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
liquid.
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One of the easiest ways of analyzing this effect is to return to the
temperature/enthalpy diagram and plot the itnitial condition and
raise the pressure keeping the enthalpy constant.

Temperature,
°c
P2

P

Enthalpy, J/kg
Fig. 7.4

Initially the steam generator has fluld as liquid/vapour mixture at
pressure Py as shown at point A. MWhen the pressure suddenty
increased to Py the mixture is now below the saturattion

temperature corresponding to the higher pressure and the vapour
bubbles condense as the latent heat of vapourization 1s used to
ratse the 1iqutd to the new saturation temperature. -

The condensation process causes the vapour to disappear and the
volume shrinks resulting In a reduced steam generator level.

Q1.1

There are basically two problems that arise from a very low steam
generator level.

First, as the water inventory in the steam generator is reduced
there §s less capacity as a heat sink for the reactor. This means
that from a control point of view we are moving in a direction where
we have more reactor thermal power than we can handle. Not a
desirable sltuation.
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Secondly, if the steam generator level falls below the top of the
tube bundle, dry out wiil occur and dissolved solids existing in the
steam generator will "bake out" onto the external tube surfaces and
impede future heat transfer.

The probabt11ties of the above events occurring are reduced by a low
tevel alarm which may allow some operator action. I[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.

Q7.8

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 1%, 1t would appear that the Bruce NGS-A
reactor which s 60% larger than Pickering NGS-A doesn't require as
Targe a heat sink. This obviously ts not the case. There Is a '
large design difference in the steam generators at Bruce NGS-A not
the least of which is the common steam drum which is partly full of
Yiquid and therefore presents a much larger capacity than at
Pickering NGS-A. This is the primary reason for the smaller change
in steam generator level with power, there s more capacity
available for the same level change.

07.9

The three elements are:

(a) Steam flow,
(b) Feedwater flow,
(c) Actual Tlevel.

The steam flow is used to produce the programmed level.
The comparator circuits ook at:

Steam/Feedwater flow
Actual/Programmed level.

At low power levels measurement of steam flow and feedwater flow 1s
not very accurate and control of the feedwater flow via the
feedwater regulating valves is insensitive. At this point the steam
generator level is more easily handled by the level controller alone
without the other two elements.
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When the steam flow is in excess of 20%L and the large feedwater
reguiating valve is being used, the three elements may be used to
monitor steam generator level.

Q7.10

Every station 1s going to have different systems and constraints.
As a result we can only examine the concepts and then see how the
concepts are applied in the operating manuals.

The guestion does not state whether the boiler is associated with a
bank of boilers, furthermore 1t does not state whether all the
boilers have the same high level.

We must make some assumptions. He'll assume that the boflter is In a
bank of boiters and 1s the only boller with a high level.

At low loads 1t is common for different bollers 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/isolating 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 rematning boilers. The objective 1s to have
all the botler levels at sensibliy the same value. ‘

If after adjusting trim vaives the levels overall remain high, then
this situation may be corrected by reducing the setpoint of the
feedwater control valve controlter.

This situation is most l1ikely either at Jow loads where small
changes in actual flowrates are going to have a very significant
effect, or when reactor power distribution to the botlers ¥s changed
by changes in reactor zonat power production.

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.

Q.11
The three main heat sinks for the steam generator are:
(a) Steam Turbine

- (b)Y Steam Rejection System
(¢) Boller Steam Safety Valves.
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Steam Tyrbine

This is the normal heat sink and is used as a heat sink when the
turbine steam flow 1s used to control the boller steam pressure.

Steam Rejection System

This ts used as the second heat sink and may reject steam to
atmosphere or the condenser depending upon the station 1n question.
This system is used if the turbine is not available to remove the

excess steam. In this case the offset is removed.and the SRV's
operate as soon as the pressure setpoint 1s exceeded.

Boiler Safety Valves

In the unltikely event that nelther the turbine nor the SRV's can
restore the over pressure the bofler safety valves will 1ift to
protect the steam generator from overpressure.

07.32

The "reactor-leading” mode is 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 1s not controlled by the BPC 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 avatlable to the BPC program, is removed. As soon as
the boiler pressure exceeds the setpoint pressure the steam reject
valves will start to open.

If the over pressure s 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 setbdck would stop when the large steam reject valves
closed. If this did not happen the reactor would reduce power to 2%
FP.

Q7.13
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 generator pressure.
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In the event that the steam pressure conttnued to fall the unit
control would change and inltiate a slow speeder gear runback until
the steam pressure was restored.

Q7.14

The BPC program relies upon being able to change the steam fiow from
the boiter to change the beiler pressure.

As the steam pressure in the boller 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 {ncreased to 668 iiters per
kg which is an increase of more than 13 times.

The effect of this increasing steam volume causes the SRV's to open
unt1] they reach a point where they are fully open and can no longer
reduce the pressure In the steam generator at a controlled rate.

This happens at around 170°C. As a result, this is the termination

point of cootdown using BPC. Further cooling of the HT system will
take ptace using the shutdown cooling circuits.
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Heat & Thermodynamics
MODULE 8
REACTOR

Course Objectives

The student will be able to:

1. State the parameter which is monitored to ensure fuel operating
1imits are not exceeded in non-boiling channels and hriefly
explain why this parameter cannot be used to ensure safe fuel
operation for boiling channels. '

2. Briefly describe two methods that are used to monitor that heat
production in boiling channels 1s kept within specified 1imits.

3. Briefly explain how fuel channel blockage can be detected and
state the major problem resuiting from channel blockage.

4. Briefly explain four major reasons for a high HT system
pressure and three major reasons for a Tow HT system pressure.

-5, Briefly explain how a loss of heat transport coolant may be
detected.

6. Briefly explain the immediate and longer term effects of losing
feedwater supply to the steam generators.

7. Briefly explain how a loss of coolant accident would produce
fuel fatlures assumtng no protective actton occurred.

8. Briefly explain how the temperature and quality of the HT
coolant change when bulk boiling occurs.

9. Briefly explain why crash cooling is necessary for a LOCA which
results in a very low rate of pressure decrease in the heat
transport system.

10. Explain how HT thermosyphoning is established and how the

reactor outlet header temperature is used as a datum for the
control of thermosyphoning.
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Introduction

The reactor is the first step in our energy transfer process to
produce electricity. The control of the reactor is extremely
complex in that 1t s so sensitive to changes in dependent systems,
eg, the moderator system, the primary heat transport system and the
steam system. It is virtually impossible to discuss one system
without referring to another.

The Heat Transport (HT) system has three sources of heat input:

(a) Fission heat.
(b> Decay heat from fission products.
(c) HT pump heat.

When at power the fission heat is, by far, the largest of these
three terms (~93% FP). The maximum heat from decay of fission

products s, typically, only 6% FP. At low power, the pump heat
- input to the HT system becomes significant (-1% FP).

The main purpose of the HT system is to remove the heat from the
three sources e, decay and fission heat in the fuel bundles and the
pump heat. With the reactor at power, this is done by circuiating
the heat transport fluid through the steam generators. In the event
that the steam generators are not available as a heat sink for the
heat transport system, the reactor is shutdown because there is no
backup heat sink capable of removing full reactor power.

When the reactor 1s in the shutdown state with the heat transport
temperature below about 170°C, the shutdown cooling system removes
the heat which is much less because it is only the decay heat of
fission products and HT pump heat.

08.1 State the three sources of heat to the primary heat
transport system and the two main heat exchanger processes

which are used to remove this heat. Compare your answer
with the notes at the end of the module.

* o Rk k &

Fuel Bundie and Chanpel Heat Transfer

Before we look at temperature and pressure effects in the HT system,
let us have a look at a fuel channel and examine more closely some
of the conditions which exist.
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As a result of design considerations (discussed more fully in
Materials 228 or Reactor, Boilers and Aux!liaries 233), uranium
dioxtde (U0Oy) was chosen as the fuel for CANDU reactors. As UO;

is a ceramic materfial, its therma) conductivity is very low and the
pellet core temperature is therefore much higher than the surface
temperature. Fortunately, UOs has a high melting point
(approximately 2800°C) and can tolerate retatively high temperatures
at the pellet core.

The temperature profile of a fue) element may be seen from Figure 1.

FUEL PELLET TEMPERATURE PROFILE
22004

2000 <

1800

PTE— Fuel Feilet .:bﬁ
Fusl ) fuel
Figure 1
Fuel Pellet Temperature Profile

From Figure 1, you can see how effective the thermal resistance in
the fuel element becomes. In a distance of 7 mm, which is a 1ittle
over 1/4", the temperature has dropped from 2100°C in the centre of
the fuel element to around 500°C at the inner surface of the

sheath. The outer surface of the sheath is at a maximum temperature
of about 305 to 326 °C dependent on the specific power plant.

Bruce NGS-A and -B, Darlington and CANDU 600 reactors have smaller
diameter fuel elements aliowing the higher sheath tenperature of
about 326° C. The maximum centre line temperature of the fuel
pellets is typically lower than that shown in Figure 1.
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We can gather from the discussion so far that a fuel element/bundie
has temperature limttations. In fact, the metallic fuel sheath
(Zircaloy 4) has both a temperature and strain limit which are set
to maintain structural integrity of the sheath. The UO; fuel

pellet has only a temperature timit which must not be exceeded 1f
excessive release of fission products 1s to be avoided. These
temperature Vtmitattons result In the setting of bundle power 1imits
and subsequently channel power limits to ensure that the fuel s not
subjected to excesstve temperatures.

There are basically two ways of approaching the temperature/power
limitations:

(a) Increased heat production.

(b) Impaired cooling of fuel.
Increased Heat Production

How do we know what is happening to the fuel bundles in a particular
channel? How do we know If one bundle 1s being overpowered or being
subjected to excessive temperatures? The short answer to both these
questions is that we do not know directly what is happening with an
individual bundle. '

The neutron flux distribution along a fuel channel is a familtar
shape and is shown in Figure 2. It represents the amount of power
being produced at a point in the channel and we can see that the
bundles in the centre of the channel are subjected to higher neutron
flux than those bundles 1n the outer sections. This means these
central bundles are operating at a higher power level and producing
more heat.

Neutron Flux

.\\
A S

infet Channel Distance Outlet

Figure 2
Neutron Flux vs Core Channel Distance in Nonboiling Fuel Channel
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Figure 3 shows the coolant temperature along the channels as a
result of the flux distribution illustrated in Figure 3.

Temperature

s | s

Inlet ' Channel Distance

QOutlet

Figure 3
Temperature vs Core Channel Distance in Non-boiling fuel Channel

Figures 2 and 3 represent typical neutron flux and temperature
profiles for a non-boiling channel. Variations 1n flux resulting
from reactivity device movements, local transient xenon effects,
fuelling direction, etc, will affect the neutron flux profile and
consequently the temperature profile. In addition, the distribution
of thermal power along a channel may not correspond exactly to the
flux shape due to variations in fuel burn up and decay heat
contributions.

Our main concern is that the fuel bundles which occupy the central
to end positions in the channel are not being subjected to
conditions beyond the fuel operating limits.

If conditions exist such that neutron flux levels are higher at any
point along the channel, the heat production in the bundle increases
at that point leading to increased heat transfer to the coolant. If
the coolant is not boiling at this point, then its temperature will
rise. If the coolant 15 bhoiling, themr vapour production will
increase. Both of these conditions may lead to excessive boiling
and possibte dryout towards the channel outlet. As previously
discussed (Module 1), dryout is a dangerous condition because it may
lead to a breach of the fuel and fuel sheath integrity.

How do we determine whether heat production is within specified
Timits?
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In the case of a non-botling channel, we monitor the temperature
rise across the channel as the most effective method of ensuring
bundie power and channel power are kept within spec1f1ed (1icense?
limits.

The power of individuail bundies is not measured but can be estimated
because we know the channel's thermal power output (mass flow

rate X specific heat x temperature rise) and the flux shape along
the channel. The channel thermal power, which can also be
considered as the sum of the bundle powers, is directly related to
the temperature rise across the: channel. A maximum allowable
temperature rise 1s set which is equal to the point at which the
highest powered bundles approach their operating limits.

In the case of a boiling channeil, monitoring the channel temperature
rise does not ensure that there 1s only 1imited boiling and proper
cooting of the fuel. This ts because the coolant temperature at the
channel outlet is equal to the saturation temperature corresponding
to the local pressure. Regardless of the amount of beoiling, this
temperature remains constant as long as the outlet pressure is
constant and there 1s still some 1iquid present. (This also
precludes the presence of superheated steam.)

For a boiling channel, we monitor the amount of steam produced In
the channel to ensure there is sufficient 11quid present to maintain
adequate fuel cooling. This information can be determined by either
of the methods described below.

(a)  Using a group of specially selected channels (called FINCHs)
which have been fully instrumented, volumetric flow rates for
channel inlet and outlet can be compared.

If there ts no boiling, the volumetric flow rates will be
equal and if there ts bolling, the outlet fiow rate wil)

exceed the inlet flow rate. The difference allows us to

calculate the amount (percentage) of steam present at- the
channel outlet.

Predictions of steam quality In channels other than FINCHs can
be made (with the ald of a computer program) from FINCH data
and a knowledge of flux shape in the other channels.

(b) Using a combination of flux shape monttoring and bulk power
measurements.

A representative flux map of the core {s prepared with the aid
of computer simulations and the measurements of a targe number
of strategically placed, self-powered vanadium detectors.

Bulk thermal power 1s determined by measuring heat production
on the secondary side (a combination of boiler steam and
feedwater flows and boiler temperature measurement).
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Flux mapping in conjunction with bulk power measurements (both
thermal and neutronic) are used to help detect slowly
developing local high power conditions such as bundle or
channel overpowering.

08.2 Brtefly explain how channel outlet temperature is used to
monttor channel/bundle power 1imits in non-boiling fuel
channels. MWhy is this parameter not useful for monitoring
1imits in boiling channels?

08.3 Briefly explain two methods used to monitor steam quality
and ensure adegquate fuel cooling tn boiling channels.

* R R K X

Impalred Cooling of Fuet

At this point we will only deal with approaching the
temperature/power limitations by reduced coolant flow. The
situation resulting from reduced coolant pressure is covered later
in th1s module when covering HT pressure control.

A measured increase in fuel channel temperature rise may not be due
to an increase in power, it could result from reduced coolant flow,
ie, a channel blockage. Let us consider what happens when there fis
a reduction in channel mass flow rate while channel power and
channel iniet temperature remaln constant.

Channel powér is- the product of the mass flow rate and the change in
enthalpy occurring across the channel, fe,

Channel Power = M (hgyt - hin)

Using this equation and conditions identified let us see what this
produces.

Power 1s constant.

Enthalpy of coolant into the channel is constant because the channel
inlet temperature is constant.

Mass flow rate is reduced.

Channe) Power = m (HT

| out ~
_ | constant $ constant
For the equation to balance, the enthalpy of the coolant leaving the
channel must rise. The only way this can occur is for the reduced
coolant flow to pick up the same amount of heat, ie, channel outlet
temperature rises.

h,.)

in
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08.4 In the event that a channel blockage occurs, the enthalpy of
the coolant leaving the channel rises with the channel power
remaining sensibiy constant. Explain why the enthalpy of
the coolant leaving the channel rises.

B8.5 A fuel channel is operating normally with the following
conditions:

Channel outlet temperature 296°C.

Channel outlet pressure 8.47 MPa(a), corresponding
saturation temperature 299°C.

The fuel channel becomes partialiy blocked and the channel
power remains constant. Explain the change in channel
outlet temperature that would occur as the channei outlet
enthalpy rises.

LI B N B

As we have already seen, the channel power with constant mass flow
rate, 1s proportional to the channel AT, provided no boiling
occurs in the channel.

If the outlet and inlet temperatures are equal, then there is no
temperature difference (AT) and reactor power is essenttally
zero. As the power is increased, the channel AT increases to a
maximum at full power of 40° to 55°C, depending on the station.

There are also some significant differences in the method used to
measure AT across the channel in g¢ifferent stations.

At some stations (eg, PNGS-A and -B), the average HT temperature is
kept sensibly constant, rising only a few degrees centigrade over
the whole power range. This minimizes shrink/swell in the HT system
caused by power manoeuvres and means the HT pressurizing system does
not require a pressurizer. .
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Figure &
KT Temperature vs % Full Power

Figure 4 represents a HT system where the HT system temperature
remains relatively constant over the power range.

B88.6 The steam generator and heat tramsport systems are fully
warmed up with the reactor at the zero power level. Hhat
pressure and temperature would you expect to find in the
steam generator in the example illustrated in Figure 47

B8.7 In order to transfer heat from the HT D0 to the Hy0 in
the steam generator, there has to be a temperature
difference. How would you expect this temperature
difference between the heat transport system and the steam
generator to change with unit power increasing from 0% to
100% in the example illustrated in Figure 47

Check your answers with the notes at the end of the module.

* h k R &
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In other stations, eg, BNGS-A and -B, Darlington NGS, where a
pressurizer is part of the HT pressurizing system the situation
between the HT system and the steam generator is reversed. The
pressure in the steam generator is kept relatively constant and the
HT average temperature rises as reactor power increases.

B8.8 In a system with a pressurizer, the steam generator pressure
is kept constant at 4.25 MPa(a). HWhat is the heat transport
average temperature when the unit is at zero power hot.

B8.9 In question Q8.8 how would you expect the heat transport
average temperature to change with power? How would this be
reflected 1n terms of the channel outlet and inlet
temperatures? Assume that the channel AT at full power is
§3°C. :

.**t**
Heat Transport Pressure Control
The heat transport hressure is.extremely sensitive to changing

; conditions within the system and has to be controlled within design
" Yimits for safe reactor operation.

There are basically two designs of HT circulit. The 'soiid' system
(at PNGS 'A' and 'B') has no vapour space and the HT system pressure
is very sensitive to changes in fluld volume. This design uses a
feed and bleed system for controlling the pressure of the HT system,
ie, inventory transfer to and from the HT system.

The second design (at Bruce and Darlington) uses a pressurizer which
contains a large volume of Dy0 vapour that expands when the liquid
volume in the HT decreases and is compressed when 11quid volume

increases. This arrangement is very much less sensitive to the
changes in HT filuid volume when controiling pressure.

In a 'solid' system, the change of pressure due to the change of'
volume, as a result of leakage or temperature change, is large when
compared to a pressurizer system. _

A high pressure tn the heat transpbrt system may cause over pressure
of the heat transport circuit which will result in a reactor setback
or trip to safeguard the heat transport circuit. '

A high heat transport pressure may be caused by:

(a) A large thermal power mismatch in which the reactor power

exceeds the power capacity of the heat sink, eg, boilers
causing an increase in average temperature.

~9 - 0034k3
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(b) A loss of, or impairment in, HT coolant flow, causing an
increase in channel AT and hence average HT temperature.

(c) A malfunction in the pressure control system allowing an
uncontrolled increase in pressure.

(d) A Joss of feedwater to the steam generator (bofler).

The immediate effect of losing the feedwater is to reduce the heat
transferred by approximately 17% due to the loss of sensible heat
required to raise the feedwater. temperature from 175°C to 250°C. As
a result, the HT system temperature immediately starts to rise and
the liquid volume expands, and HT pressure rises.

If power is not reduced, boiler level would fall unti! the tubes are
uncovered and the heat transfer would be further 1mpatred.

In this sttuation, the primary heat sink for the reactor is
significantly reduced and the reactor must be shut down quickly and
alternate heat sinks placed in service (eg, shutdown cooling,
maintenance cooling).

This situation represents a large mismatch in thermal power.

08.10 Explatn the effects of losing feedwater to the siteam
generators.

ok ok ok K

A low pressure in the heat transport system may be caused by:

(a) Large mismatch in thermal power with the steam generator
removing more heat than 1s being produced by the reactor.
This causes the HT fluid to reduce its volume due to the drop
in temperature.

(b)Y A loss of coolant from the HT‘circuit.

(c) A malfunction in the pressure control system aliowing an
uncontrolled decrease in pressure. _

In all cases, the rate of volume reduction may be greater than the
make-up from the pressurizing system and the HT system pressure will
fall as a result. For a system with & pressurizer, the intent of
the design 1s to handle power changes required for normal
reguiation, about 1%/s or less. The system will not keep up with
pressure reductions equivalent to faster rates.
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A low pressure in the HT system may produce the following problems:

(a) There is a mintmum value of pressure for the HT pump suctions

' to avoid cavitation. If this pressure is reached, a reduction
in coolant flow would impalr fuel cooling and if 1t lasts long
enough, pump damage could occur.

(b) As the pressure falls, the HT fluid has more heat than it
needs to produce saturated liquid at the jower pressure. In
this event, the excess heat 1s used as latent heat to produce
vapour. If excessive vapour is produced, then the heat
transfer from the fuet bundles drops dramatically and fuel
sheath failure may occur.

08.11 State four possible causes of high HT pressure.

08.12 State two problems associated with a low heat transport
pressure.

LI N I

The control of pressure in the heat transport system depends upon
how the average heat transport system temperature is changing
together with the effect of any additions or subtractions of coolant
from the HT system. Needless to say, the systems at each station
are different. . :

Systems Using Feed and Rleed

At PNGS-A/B, the major benefit of having the heat transport average
temperature sensibly constant is that there are no great changes in
HT coolant volume due to temperature effects. In addition, the
reactor 1s designed to have no botling occur in the fuel channels.

Under normal operation, the pressure variations are relatively small
and are accommodated using a feed and bleed system.

Bleed flow is taken from the heat transport pump suction headers.
This fiow tends to reduce the HT pressure, Pressurizing pumps
return the feed to the HT system, thus tending to raise the
pressure. The finventory changes due to shrink and swell effects of
the heat transport coolant are accommodated by the Dy0 storage
tank, which also provides the suction for the HT pressurizing
pumps. Under steady state conditions, there is a balance between
the feed and bleed to provide constant pressure.

The pressure rellef valves release heat transport D0 into the
bleed condenser.

- 11 - 0034k 3
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In the event of a problem with the bleed condenser that results in
high pressure within the bleed condenser ttself, relief valves are
installed which operate and cause heat transport D0 to be
discharged to the boiler room sumps.

Systems Using a Pressurizer

At BNGS-A/B or Darlington NGS, there is a considerable rise in the
average heat transport coolant temperature for the whole reactor
(for example at BNGS-A, from 254°C to around 281°C). This
temperature rise-will result in an increase of heat transport D»0
volume of approximately 5%, approximately 17 m3.

The changes of flutd volume that occur in the heat transport system
with power are much larger than at PNGS-A/B and the technique used
to control system pressure is different.

The pressure 1s controlled by a pressurizer which acts as a cushion
on the HT system and absorbs pressure transients, It is simitar to
a conventional steam drum, having a steam space and a liquid level,
and has sufficient capacity to keep the HT pressure and inventory
within the predetermined Timits for any normal reactor power
manoeuvring.

In normal operation, the HT system pressure is determined by the
vapour pressure that exists in the pressurizer. If the HT pressure
rises, steam bleed valves open on the pressurizer to relieve the
vapour pressure and thereby reduce the HT pressure. The steam from
the pressurizer is directed into the bleed condenser.

In the event of a low HT pressure, there will be a correspondingly
Jow vapour pressure in the pressurizer. In this case, there are
electric heaters which heat the D0 and produce steam in the
pressurtzer which increases the pressure in the pressurtzer and the
heat transport system.

08.13 Briefly explain how the heat transport fluid volume changes,
when hot, from 0% to 100% power level at PNGS-A and BNGS-A.

08.14 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 module.

* &k & * *
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Pressure Increase in Heat Transport System

Suppose there 1s a large mismatch in thermal power, with the reactor
tnput thermal power exceeding the thermal power being removed via
the botlers. This imbalance will increase the average heat
transport temperature resulting in an increase in volume of the HT
fluid. HT pressure would also increase, although this increase
would be offset by the action of the HT pressure control system.

In a system with a pressurizer (eg, Bruce and Darlington), the D50
teve] in the pressurizer will increase significantly and the reactor
control system response 1s, on high level, to initiate a reactor
setback 1n an attempt to restore thermal power baiance.

Note that high pressurizer level does not aiways signify high HT
pressure. Abnormally low pressure in the pressurizer, eg, reltef
valve stuck open (as happened at Three Mile Island), would cause it
to fi11 with coolant even 1f HT system pressure were low or normal.

For feed and bleed systems, the increase in volume will result in a
significant increase in bleed condenser level and the reactor

control system response 1s to initiate a reactor setback on high
bleed condenser level in an attempt to restore thermal power balance.

Q.15 ) Explain how the pressurizer level could increase due
to a thermal power mismatch and the likely response
of the reactor control system.

(11>  Explain how the bleed condenser level could increase
(in a feed and bleed pressure controlled system), due
to a thermal power mismatch and the 1ikely response
of the reactor control system.

08.16 Describe the possible consequences of a thermail power
mismatch where the heat sink exceeds the reactor power.

% h K »
Pr n_in Ir r m

We have looked at the protection that is designed to accommodate
high pressures in the HT system.

Low pressures in the HT system could be indicative bf any of the
following situations:

~(a)  The 1nadvertent opening of a large steam reject/discharge

valve resulting in a large mismatch in thermal power between
the reactor and the steam generator.
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(bY A faulty control system allowing an uncontrolled decrease in
pressure.

(c) LOCA

Suppose the HT system was pressurized at 8.00 MPa(a) and the HT
temperature at this pressure was 270°C.

How would you show the condition on a temperature/enthalpy diagram?

08.17 Sketch a temperature!enfha]py diagram'to show heat transport
fiuid at 270°C and 8.00 MPa{a). What is the state of the
heat transport fluid? (Use H,0 steam tables.)

Check your answer with the notes at the end of the module.

* &k & Xk &

Now, suppose we start to reduce the heat %ransport pressure by
bleeding off some liquid whilst the temperature remains at 270°C.

08.18 Explain what happens when the heat transport pressure
reaches and then falls below 5.5 MPa(a) when the inittal
temperature of the D20 is 270°C.

% Kk Kk %

Producing a Targe quantity of vapour in the HT system, such as
occurs tn a LOCA, results in several probiems. .
In reactivity terms, the presence of steam (vapour) forms a void (no
D0 liquid) with a consequent local reduction in neutron

moderation (and absorption). For all our reactors, there is a
positive reactivity effect assoclated with voids, which will cause
reactor power to increase followed by subsequent action by the
reactor regulating system or 1f overwhelmed, by the safety shutdown
systems neutronic trips.

The most serious effect is on the heat transfer mechanism that is
used to cool the fuel. In the channel, the boiling or production of
vapour starts where the temperature of the fluid is highest and the
pressure s lowest, ie, at the outlet of the fuel channel. The
highest HT fluid temperatures occur at the fuel bundle sheathing.

Remember, in Module 1 we learned that heat removal from the fuel
elements was by forced convection. A small amount of controiled
boiling improved heat transfer through the vigorous action created
by the vapour bubbles leaving the fuel sheath surface. However,
excessive boiling led to formation of a vapour film on the sheath
surface (dry out) and greatly reduced heat transfer.
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The effect of this reduced heat transfer causes the temperature of
the fuel elements to rise. As a result, the fuel sheath
temperatures become higher.

The major problem is that in this situation, the fuel sheath
temperature starts to rise above the normal 350° to 400°C. The
Zircaloy 4 sheath loses considerable strength as its temperature
rises above normal values. In addition, the already weakened sheath
has increased stress imposed by the thermal expansion of the fuel
and the increased internal pressure of fission product gases in the
fuel. If fuel should meit there will be additional stress due to
the votumetric expansion on melting. There 1s also a danger of
molten fuel burning through the sheath on contact as its temperature
is above the sheath melting point.

Before the melting point i1s reached, sheath failure wilil occur (due
to expansion of the pellet); probably in the range 800°C to 1100°C,
and the release of fission products into the HT circuit will occur.

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.

| Q8.19 Explain why excessive coolant boiling is undesirable in the
reactor. :

LI I B

Boiling in Fuel Channels not Resigned to Boil

Boiling in the fuel channel may occur when the channel fiow 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
effecttve. If the channel does not have flow monitoring, then there
will be no direct indication of reduced flow rate. The only
indication will be a channel outlet high temperature alarm.

If boiling of all or many of the fuel channels has occurred due to
overall low coclant flow, then the flow monitored channeils will
produce a reactor trip on low coolant flow.

A second possible cause for the boiling is a falling heat transport
system pressure. A low pressure alarm alerts the control room

operator so that remedial action may be taken.
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Nucleate boiling may be designed to occur in the final section of
the fuel channels when at full power. This is normally referred to
as bulk boiling. In this situation, conditions will change at the
channel outlet header as the reactor power 1s increased.

tach channel AT will increase with power untjl the saturation
temperature for the HT pressure 1s reached. At this point, the
D,0 will start to boil, inttially at the channel outlet, and the

As the channel produces further
power, the temperature will not rise but more vapour will be
produced progressing towards the channel inlet. If 3% boiling was
designed to occur, then the fluid leaving the channel would be a
mixture of 3% vapour and 97% liquid by weiaht.

Therefore, once saturation temperature s reached

(a) the only change with power will be the % of vapour leaving the
channel, and

{b) the mass flow rate, as a rule of thumb, will decrease {for the
same power) by the % increase in vapour. This decrease is due
to the increased flow resistance in the channel due to the
larger volumes of vapour. '

08.20 Briefly explain how the HT fluid temperature and fluid
qua}ity change as increasing reactor power produces bulk
botiing.

" ok Kk R K

Loss of Coolant Accident ([OCA)

In this situatton, the prime concern 1s that the reactor should bé
shutdown safely. This means the provision of cooling for the fuel

at all times.

Any loss of coolant which results in the pressurizing system being
unable to maintain pressure is defined as a LOCA. If pressure
control can be maintained in the HT systems, 1t is considered a leak.

Small LOCA

In this situation the pressure in the heat transport system will
fall gradually until the saturation pressure is reached. At this
point, boiling in the channel occurs and the pressure is now
dete;mined by the temperature of the liquid which will be relatively
stable.
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The problem is now that the pressure transient will stabilize and
the fuel sheath will become damaged due to the impaired heat
transfer resulting from the steam which blankets the bundle. This
happens 1n a very short time; a few minutes from the commencement of
bulk botling.

The sotution to this problem is to rapidly reduce the heat
production of the reactor by a reactor trip and to initiate a rapid
cooldown (known as "crash-cool") to reduce the HT temperature and
therefore pressure to a value which will facilitate emergency core
cooling. _

Major' LOCA

In a ioss of coolant condition

System pressure boundary is massive, the drop in both temperature
and pressure of the coolant will be very rapid. Consequently, the
system will have already been "crash-cooled" by the massive jeak and
Emergency Cootant Injection may begin.

The Emergency Coolant Injection System (ECIS) s designed to remove
the fission product decay heat from the fuel following a LOCA. The
reactor power drops from 100% to around 6% before the injection
occurs. The 6% full reactor power represents the initial decay heat
from the f1ss1on products.

The initial inventory of ECI water (1ight water) is injected into
the core by high pressure gas or high pressure pumps depending on
the station. A more detailed description of the general operatton
of ECIS as well as the differences at the various stations can be
found in Reactor Boilers and Auxiliaries, Course 233.

In all stattons fuel cooling is maintained in the recovery phase by

recirculating the water discharged from the break by pumping it from
low level sumps.

Indications of a Loss of Coolant

The single most important parameter associated with the detection of.
a LOCA is by definition, Heat Transport pressure.

Evidence of low HT pressure sustatned over several minutes or low HT
pressure AND evidence of the presence of high energy fluld within
areas surrounding the HT system are used as indication of a Tikely
LOCA and initiating auto actions for ECIS operation.

Q8.21 Explain two conditions which would result in channel boiling.

08.22 Explain, 1n general how a LOCA is detected.
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Q8.23 Explain why, 1n the event of a LOCA, (small or large) it is
necessary to establish Emergency Cooclant Injection to the
core.

Q8.24 How does a massive rupture in the heat transport system
affect the rationale expliained in Q8.23.

08.25 Explain the basic emergency core injection system at your
station.

" K & W

Heat Transport Thermosyphoning

As fluids are heated they become less dense and equally, as they are
cooled, they become heavier. By carefully selecting the elevations
of the reactor and the steam geperators, a thermosyphon may be
established.

The hot D0 leaves the reactor outlet headers and is physically
pushed up to the steam generator where it travels up one side and
returns as cooler fluid, down the other side of the tube bundle,
back to the reactor via the HT pump (pump is turbining).

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 HT system. _

Thermosyphoning can only exist when the sigam generator is at a
lower tem Qg[gtu[g than the HT circult and

there is 0o excessive
boiling in the HT circuit which would allow vapour to collect at the
top of the tubes in the steam generator.

The temperature at the reactor outiet header is used to monitor the
thermosyphon. If the HT temperature is rising towards the
saturation value, vapour may be produced which may impair the
thermosyphon. More heat must be removed from the HT system and this
is achieved by lowering the temperature of the steam generator by
removing more steam and thereby lowering the pressure. To maintain
the viability of thermosyphoning, pressure control must be
maintained at a normal setpoint. This will prevent boiling (and
possible vapour locking) which would occur on loss of pressure.

08.26 Briefly explain how the HT thermosyphon is established and
how ROH temperature is used as a datum for the control of
the thermosyphon.

* %k Kk N K
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MODULE 8 - ANSWERS
08.1
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 KT pump. This heat is
from the HT system.

Under power operating condttions, 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 fluld is exchanged in

the steam generator.

In a shutdown condition, the guantities of heat produced are
relatively small, (less than 6% of full load power) and are handled

by the shutdown cooling system (or maintenance cooling).

08.2

Limiting the temperature rise across a non-boiling fuel channel will
ensure that fuel bundies are'not subjected to conditions beyond
their operating 1imits. Since channel power and mass flow rate
determine the temperature rise across the channel, there must be a
maximum allowable channel outlet temperature (and therefore
temperature rise) which corresponds to the channel power at which
high powered bundles approach their maximum operating limits.

For a boiling fuel channel, the channel ocutlet temperature is not
useful for monitoring that channel/bundie power 1imits are not
exceeded because as long as there is liquid present in the channel,
the outlet temperature will be the saturation temperature.

Q8.3

For channels where boiling occurs, it is most important to ensure
sufficient liquid is present to provide adequate fuel cooling. We
do this by monitoring the amount of steam produced by either,

(a) Comparing volumetric fiow rates at channel inlet and cutlet
for fully instrumented channels. The flow rates will be equal
for no bolling and the outiet flow rate will exceed the inlet
if boiling is occurring. The difference in flow rates is used
to calculate the percentage of steam present.
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(b> Using flux mapping in conjunction with bulk power
measurements. Flux maps are prepared with the aid of
computer simulations and measurements of flux at a large
number of strategic locations in the core. Buik thermal
power is determined using a combination of boiler steam
and feedwater flows and boiler temperature measurements.

08.4

From the text, we saw that channel power was determined by the flow
rate and the change of enthalpy across the channeil, ie,

»
Q = m x Change of Enthalpy
where Q 1s the channel power, and

mis the channel mass flow rate

The channel power remains constant and the channel flow rate
decreases. In this event, the change in enthalpy must increase in
direct proportion with the falling flow rate.

. T
Q= T x Change of Enthalpy

The change in enthalpy is the difference between channel outlet
enthalpy and channel inlet enthalpy. However, the chapnel inlet

n . Thus, the only way that the
change of enthalpy across the channel can rise, ts for the channel
extt enthalpy to rise.

08.5

As explained in the previous question, the temperature of the
ctoolant at the outlet end of the channel will start to rise until it
reaches 299°C which is the saturation temperature corresponding to
8.47 MPa(a). Bolling will start at the channel outlet and gradually
progress down the channel until thermal equilibrium is reached, with
the outlet temperature remaining at the saturation value.

08.6

At zero power hot, the steam generator temperature, channel inlet
and outlet temperatures, would aill be equal at 266°C. The
saturation pressure corresponding to 266°C ts 5.17 MPa{a). This is
the pressure which would exist in the steam generator at this
temperature. '
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As seen in problem Q8.5, the steam generator temperature will be
equal to the average heat transport temperature at zero reactor
power with the systems fully warmed.

To transfer thermal energy from the HT system to the steam
generator, a temperature difference must exist. The only way that
this can happen is for the steam generator temperature to fall below
the average HT temperature as power increases.
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Temperature vs % Full Power
Q8.8

At zero power hot (fully warmed up) when the steam generator and
reactor are at operating temperatire, the average HT temperature and
the steam generator temperature will be equal. If the steam
generator pressure is 4.25 MPa(a), then the temperature is 254°C.

At this condition, the average HT fluid temperature is also 254°C.
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For a system with a pressurizer, the steam generator temperature is
going to remaln 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 HT fiuld and the steam

- generator. The average temperature of the heat transport fiuld must
be higher than that of the steam generator. This is shown in

Figure 6 where the average HT temperature leaves the steam
temperature at 254°C and rises to a higher value around 277°C.

The value of 277°C cannot be readily determined in _this case because
of reactor design - eg, inner and outer zones and external preheater.
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Figure 6
Temperature vs % Full Power

At full power, the channel AT will be 53°C fin which case the
channel outliet temperature will be 26.5°C above the average value
and the channel inlet temperature will be 26.5°C below the average
value (see Figure 7). _
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Temperature vs % Full Power
08.10

Feedwater is heated in two stages in the steam generator.
Initially, the temperature is raised from around 175°C to 250°C as
sensible heat is betng added. Secondly, the liguid is turned into
vapour as the latent heat of vapourization is added.

The immediate effect of lTosing feedwater to the steam generator is a
reduction of heat transfer capacity, around 17%, due to the senstibie
heat which is no longer being removed. At this point, a thermal
power mismatch occurs and the HT average temperature and pressure
starts to rise. ‘

If power is not reduced, boller level will fall until tubes are
uncovered and the heat transfer will be further impaired.

These conditions will both result in a massive thermal power
mismatch as a result of having lost the major heat sink.
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(a) Reactor power greater than avatlable heat sink.
(b)  Loss or impairment of HT coolant flow.

(c) Pressure control system malfunction allowing an uncontrolled
increase 1n pressure

(d> Loss of feedwater supply causing an immediate loss of heat
stnk from the preheater section.

08.12

The two major problems of jow HT pressure concern the effect vapour

production within the D,0 has on the (1) Heat Trapsport Pumps, and
the (2) Fyel in the Channe!.

To avoid cavitatton in the RT pumps, there 1s a minimum suction
pressure below which pressure should not fall. This value of
suction pressure depends upon the temperature of the heat transport
D0. If cavitatlon persists over a sufficiently tong period of
t%me. pump damage and system damage may result. In addition to this
effect, the flow through the pump will be reduced and this could '
resuit in an Increase in HT temperature due to the reduction of flow
through the reactor.

If the HT pressure drops to the saturation pressure corresponding to
the HT temperature, vapour will be produced in the fuel channel. If
large scale boiling occurs, this will drastically reduce the heat
transfer from the fuel to the D»0. The result will be a rapid
increase in fuel and sheath temperatures and the increase may
produce fuel sheath failure and fuel damage.

08.13

At PNGS-A, the reactor design was such that the volume of the D50
in the 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 temperature of 3°C means that the
change in fluid volume is less than 1%X. Boiling in the fuel
channels is not a designed feature at PNGS-A,

At BNGS-A, there are two major differences compared_to PNGS-A:
() The average HT temperature rises by some 27°C.

(b> Boiling is allowed to occur in some fuel channels.
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As a result, there is a significant increase in HT fiuld volume as
the power is increased from 0% to 100%. The increase in fluid
volume amounts to 17 m3.

For the CANDU 600 the increase in fluid volume s nearly 12 m3.

Q8.14

As we have already seen, the volumetric expansion of the HT fluid at
PNGS-A and B, when at powey, s not very large due to the HT average
temperature being held about constant.

Controt of the heat transport system pressure 1s effected by feeding
D>0 into the HT circuit using the pressurizing pumps and by
higgding D20 from the circuit at the HY pump suction headers. The
shrink and swell of the HT system fluid 1s accommodated by the D20
storage tank. )

If low pressure exists in the HT.circuit, the bleed valves will
¢lose and, conversely, if high pressure exists, the bleed valves
will open to reduce the system pressure to the programmed value.

At Bruce or Darlington, the changelln HT fluid volume with power is
much larger than that at PNGS-A and exceeds the rates of change
which could be handled easily with a feed and bleed system alone.

The HT system 1s connected to a pressurizer which 1s partially full
of D?O liquid. The pressurizer acts as a receiver for the D20
resulting from the HT sweil and also acts as a pressure control
device. The vapour space is compressible and acts as a cushion for
any pressure fiuctuations. .

"If the HT pressure is high, the steam bleed valves on the
pressurizer opens to reduce the system pressure. If the system
pressure is falling, electric heaters in the pressurizer raise the
pressure in the vapour space and increase the HT pressure. A level
control system associated with the pressurizer is used to ensure
correct liguid level is maintained over the power range.

08.15
(a) Pressurizer System

When the reactor power exceeds the availtable heat sink, the
average HT temperature will increase, causing an increase in
KT fluid votume. This will cause a sufficient increase in HT
pressure to force D20 into the pressurizer giving an
increased level. On a very high level, a reactor setback is
Inftiated to reduce reactor power in an attempt to restore
thermal equilfibrium.
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(b) Feed and Bleed System

For a feed and bleed system, the bleed condenser Jevel will
increase due to the increased bleed initiated by the pressure
control system. On a very high level, a reactor setback is
initiated leading to a reduction in reactor power which may
restore thermal equilibrium.

08.16

The heat.transport fluid will shrink at a greater rate than can be
matched by the HT pressure control system and the temperature and
pressure will fall. As soon as the pressure reaches the saturation
value, the HT system will start to boll (boliing in the fuel
channels.)
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The graph of saturation pressure/temperature (see Figure 8) is
useful to compare actual PHT pressure with the saturation pressure
corresponding to the HT temperature. The actual HT pressure should
always be higher than the saturation pressure.

If significant boiling does occur, heat will not be removed as
effectively from the fuel and fuel temperature will rise. This in
turn could lead to an increased risk of fuel failure and release of
fission products into the coolant; a very undestrable outcome.

08.17

Temperoture,
°c
N 8.00 MPalid)
270F — — ——

Enthalpy, Jkg

Temperature vs Enthalpy
Figure 9

At 8.1 MPa(g) (approximately) from steam tables, the saturation
temperature 1s 295°C (see Figure 9 ). The actual temperature of the
HT 1iquid is 270°C (Point A) which means that it is subcooled by
25°C.

08.18

When the pressure has fallen to 5.5 MPa(a), the corresponding
saturation temperature 1s 270°C (see Figure 10, Point A). This is
the actual temperature of the 1iquid. Any further reduction in
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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.

Temperacture,
°c
205 s e e —— 8.0 MPCI(CI}
27’0T —— — -—A 5.5 MPaig)
8/ &«

Enthoipy. Jkg

Temperature vs Enthalpy
Figure 10

The enthalpy of the fluid does not change. At point A, there is
saturated 1iquid at a pressure of 5.5 MPa(g). If the pressure was
to fall to a lower value, there would be a two-phase fluid. These
two phases would be:

(a) Saturated liguid at point B.

(b) Vapour generated with specific enthalpy D. You can see that
for saturated liquid, the specific enthalpy at B is less than
that at A, as a consequence the fraction of vapour by mass is
given by (B-C)/(B-D).

08.19

The main concern with excessive channeT'boiling is dry out and the
loss of heat transfer that occurs due to the poor heat transfer
through the D0 vapour compared with the heat transfer to the
liquid.
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Although zircaloy 4 has a melting point of around 1800°C, sheath
fajlure is Tikely to occur between 800° to 1100°C.

Failure of the fuel sheath and the release of fission products into
the HT system are major considerations that depend upon maintaining
the integrity of the fuel sheath.

The fuel temperature at the centre of the pencil is around 2300°C
and the meliing point is around 2800°C. A loss of cooling,
occurring when the channel s boiling, could result in fuel melting
{f no action ts taken.

08.20

When the 1iquid coolant has reached the saturation temperature and
vapour is about to be produced, the indicated temperature rise will
stop. From this point on, we have 1ittle idea of what is actually
happening 1n the channel with respect to boiting.

As power is increased, more vapour is produced af a constant
and therefore, the channel AT is no longer an
indication of channel power.

08.21

The two basic conditions which will result in channel boiling are:
(a) A sufficient reduction of coolant fiow.

(b)Y A significant reduction in 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 quantity of heat is
removed. As soon as the temperature of the coolant reaches the
saturation temperature, vapour generation begins. Once vapour
production starts, the indicated coolant temperature remains
constant.

If the pressure falls to the saturation pressure corresponding to
the temperature of the HT coolant, vapour production will again
begin. The production of large volumes of vapour has the effect of
reducing or even arresting the rate of pressure reduction. This 1s
a dangerous condition because once this has happened, the channel
volding is established and fuel failures may go undetected.
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{(a) Low HT pressure for a prolonged period.
or

(b) Low HT pressure and evidence characteristic of hot HT coolant
fn areas surrounding the heat transport system.

Q8.23

If the loss of coolant is large enough that the HT system pressure
starts to fall, then channel boiling will occur at the saturation
pressure. HWhen this happens, the rate of pressure decrease will
reduce and the rate may even be zero If sufficlent vapour is
produced to match the leak rate.

At‘this point, vapour will fill the channel, boiling will occur and
heat transfer from the fuel will be dramatically reduced.

The key and immediate objective is to re-establish fuel .cooling as
soon as possible which means that 1iquid must rewet the fuel bundles.

To achieve this, the reactor is crash cooled using the steam reject
or boiler safety valves, depending on the station. This action
significantly reduces HT system pressure and temperature in a few
minutes.

As soon as HT pressure falls low enough, emergency coolant injection
can commence. This provides another source of coolant if there is
not enough HT D20 left in the circuit to maintain coeling.

08.24

The basic difference between a small LOCA and a major LOCA is the
time taken for the system pressure to fall. In a small LOCA with
crash cooling, the time scale is in the order of minutes. With a
major LOCA, the crash cooling and loss of pressure have virtually
occurred simultaneousiy. As a result, emergency core injection can
begin immediately. Thts reduces the time between the loss of
pressure when boiling of the coolant occurred and the point when
emergency core injection commenced. Whether the injection will keep
the -fuel cool enough to prevent sheath failure is an extremely
complex problem depending on the physical position of the rupture,
size of the system break, operating condition of the reactor prior
to the loss of coolant, etc. It is difficult to state with any
accuracy, the degree of success that will result in a given set of
circumstances.
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What we can say is that whatever else may occur In any posthatedz
reactor condtition, the fuel should not become unsafe due to loss of
coolant.

08.26

The primary heat sink, which ts the steam geperator, 1s physically .
higher than the reactor. The less dense D70 will rise up to the
steam generator whilst the DoO that 1s.coo?ed in the steam
generator, will become more dense and fall to the suction of the HT
pump, thus establishing coolant flow around the system.

The reactor outlet header temperature is monfitored to ensure that it
does not reach the saturation value when vapour would be produced.
This temperature s also used to ensure that sufficlent temperature
difference exists between the steam generator and the reactor. This
condition can be ensured by Towering the steam generator pressure
and hence the temperature.
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