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The Steam and Condensate Loop 2.8.1

Block 2 Steam Engineering Principles and Heat Transfer Thermal Rating Module 2.8

Module 2.8
Thermal Rating
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The Steam and Condensate Loop2.8.2

Block 2 Steam Engineering Principles and Heat Transfer Thermal Rating Module 2.8

Thermal Rating

Some items of manufactured plant are supplied with information on thermal output. These
design ratings can be both helpful and misleading. Ratings will usually involve raising a stated
amount of air, water or other fluid through a given temperature rise, using steam at a specified
pressure. They are generally published in good faith with a reasonable allowance for fouling of
the heat transfer surface.

It must be clear that changing any factor at all will alter the predicted heat output and thereby
the steam consumption. A secondary fluid which is colder than specified will increase the demand,
while steam at less than the specified pressure will reduce the ability to transfer heat.

Temperature and pressure can often be measured easily so that corrections can be applied.
However, flowrates of air, water and other fluids may be far more difficult to measure. Undetected
fanbelt slip or pump impeller wear can also lead to discrepancies, while lower than expected
resistances applied to pumps and fans can cause flowrates to be higher than the design values.

A more common source of error arises from the assumption that the manufacturer’s rating equates
to actual load. A heat exchanger may be capable of meeting or exceeding a given duty, but the
connected load may often only be a fraction of this. Clearly it is useful to have information on the
thermal rating of plant, but care must be taken when relating this to an actual heat load.

If the load is quoted in kW, and the steam pressure is given, then steam flowrate may be determined
as shown in Equation 2.8.1:

Fig.  2.8.1  Typical heat exchanger manufacturer’s name-plate
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Equation 2.8.1
Load in kW x 3 600

Steam flowrate (kg h)
h  at operating pressure

=
fg



The Steam and Condensate Loop 2.8.3

Block 2 Steam Engineering Principles and Heat Transfer Thermal Rating Module 2.8

Questions

1. What is the result of using a heat exchanger rating to calculate its steam consumption?

a| The true connected heat load may be different from the rated figure

b| The rating does not take account of the temperature of the secondary medium

c| The rating is based on a steam pressure of 1.0 bar

d| The rating does not allow for condensate forming in the heat exchanger

2. A heat exchanger has a design rating based on a working pressure of 7 bar g.
What would be the effect of supplying the exchanger with steam at 3 bar g?

a| The heat output would be greater because the enthalpy of evaporation
at 3 bar g is higher than at 7 bar g

b| The heat output would be greater because steam at 3 bar g has a greater volume
than steam at 7 bar g

c| Less weight of steam would be required because steam at 3 bar g has a higher
enthalpy of evaporation than at 7 bar g

d| The output would be reduced because the difference in temperature between the
steam and product is reduced

1: a, 2: dAnswers



The Steam and Condensate Loop2.8.4

Block 2 Steam Engineering Principles and Heat Transfer Thermal Rating Module 2.8
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10 bar a

180°C

T
(°C)

6 bar a

159°C

2.1389 2.1389  +  4.0024  =  6.1413

1.9316  +  4.2097  =  6.1413

1.9316

2.1389  +  4.4471  =  6.586

1.9316  +  4.8285  =  6.76

0.8718 dry

0.9 dry

6.1413 S (kJ/kg °C)
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10 bar a

180°C

T
(°C)

6 bar a

159°C

2.1389 2.1389  +  4.0024  =  6.1413

1.9316  +  4.2097  =  6.1413

1.9316

2.1389  +  4.4471  =  6.586

1.9316  +  4.8285  =  6.76

6.1413
S (kJ/kg °C)

0.8718 dry

0.9 dry
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Bottom Blowdown

Suspended solids can be kept in suspension as long as the boiler water is agitated, but as soon
as the agitation stops, they will fall to the bottom of the boiler. If they are not removed, they
will accumulate and, given time, will inhibit heat transfer from the boiler fire tubes, which will
overheat and may even fail.
The recommended method of removing this sludge is via short, sharp blasts using a relatively
large valve at the bottom of the boiler. The objective is to allow the sludge time to redistribute
itself so that more can be removed on the next blowdown.
For this reason, a single four-second blowdown every eight hours is much more effective than
one, twelve-second blowdown in the first eight hour shift period, and then nothing for the
rest of the day.
Blowdown water will either pass into a brick-lined blowdown pit encased below ground, or a
metal blowdown vessel situated above ground. The size of the vessel is determined by the
flowrate of blowdown water and flash steam that enters the vessel when the blowdown valve
is opened.
The major influences on blowdown rate are:
o The boiler pressure.
o The size of the blowdown line.
o The length of the blowdown line between the boiler and the blowdown vessel.
In practice, a reasonable minimum length of blowdown line is 7.5 m, and most blowdown
vessels are sized on this basis. Blowdown lines will contain bends, check valves and the
blowdown valve itself; and these fittings will increase the pressure drop along the blowdown
line. They may be thought of in terms of an ‘equivalent straight length of pipe’, and can be
added to the pipe length to give an overall equivalent length. Table 3.14.1 gives equivalent
lengths of various valves and fittings.

Table 3.14.1  Equivalent length of blowdown line fittings in metres (m)
Blowdown line size 20 mm 25 mm 32 mm 40 mm 50 mm
Long radius bend 0.4 0.5 0.6 0.7 0.8
Manifold inlet 0.6 1.0 1.4 1.7 2.1
Globe valve 5.9 9.6 12.2 13.9 17.8
Check valve 2.6 3.6 4.2 4.9 6.2
Blowdown valve 0.1 0.2 0.3 0.4 0.5

In the unlikely event that the total equivalent length is less than 7.5 m, the vessel should be sized
on a higher flowrate. In these cases, multiply the boiler pressure by 1.15 to calculate the blowdown
rate from Figure 3.14.1. Blowdown lines over 7.5 m can be read straight from this graph.
Example 3.14.1: For a boiler pressure of 10 bar g, an equivalent 40 mm blowdown line length
is calculated to be 10 m, consequently, the blowdown rate is 6.2 kg /s (see Figure 3.14.1).

Fig. 3.14.1  Approximate blowdown rate (based on an 8 m equivalent pipe length)
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There are two important factors to recognise with bottom blowdown:

o Energy content of blowdown
The energy contained in the water being blown down is the liquid enthalpy of water at saturation
temperature at boiler pressure. In Example 3.14.1, the boiler pressure is 10 bar g, and from
steam tables, hf is 782 kJ / kg. So the rate at which energy is being released from the boiler is:

782 kJ / kg  x  6.2 kg / s = 4.85 MW

o Change in volume

Over a 3 second blowdown period, the amount of water blown down is:

6.2 kg / s  x  3 seconds = 18.6 kg

The volume of the 18.6 kg of water blown down is:

18.6 kg  x  0.001 m3 / kg = 0.018 6 m3

From flash steam calculations, 16% of water at 10 bar g saturation temperature will flash to
steam when the pressure is reduced to atmospheric. Steam at atmospheric pressure has a
significantly greater volume than water and each kilogram occupies 1.673 m³ of space.

The resulting volume of flash steam from the 18.6 kg of boiler water is:

(18.6 kg  x  16%)  x  1.673 m3 / kg = 4.98 m3

For comparison, the volume of water, is reduced to:

(18.6 kg  x  84%)  x  0.001 m3 / kg = 0.015 6 m3

The very high energy flowrate, and huge change in volume between the upstream and downstream
sides of the blowdown valve, mean that substantial reactionary forces are developed, and that
boiler blowdown must be handled in a safe manner.

Regulations and guidance notes

In the UK, due to the forces involved, and the potential for injury to personnel and the
environment, boiler blowdown is covered in a number of statutes and Guidance Notes from the
Health & Safety Executive.

The following are applicable in the UK, and have local equivalents in many other parts of the
world:

o Factories Act (1961).

o Health and Safety at Work Act (1974).

o Public Health Act (1936).

o Health and Safety Guidance Notes PM60 and PM5.

o Pressure Systems and Transportable Gas Containers Regulations (1989).

o The European Pressure Equipment Directive (PED), (2002).

Compliance may or may not be mandatory, but an incident on the plant or injury to personnel
will certainly involve factory inspectors and possible litigation.

Please note: The illustrations within this Module are schematic and some essential boiler fittings,
for example, gauge glasses have been omitted for clarity.
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Fig. 3.14.2  Bottom blowdown valve with removable key

Boiler

Removable key

Large bore

Manual bottom blowdown valve

Countries other than the UK should confirm the local equivalents of the above, but in any case
should stress the importance of:
o Common sense.
o Good engineering and installation practice.
o Safety.

In all cases, it is important to ensure adequate isolation for maintenance purposes and the
prevention of reverse flow. The installation of TDS control equipment on multi-boiler plants
should include a non-return valve and an isolation valve to prevent pressure / flow from one
boiler being imposed on another. This is particularly important when a boiler is shut down, as
the TDS control valve may not be designed to seal against pressure on the downstream side.
Good engineering practice will always consider what would happen if the control valve were
passing water or steam. At worst, the absence of a non-return valve and isolation valve may
endanger personnel working on, or in, the shut down boiler.

Bottom blowdown valve

In the UK, this type of valve is covered in the Factories Act (1961). Section 34 prohibits personnel
entering specific boilers unless:

o All inlets through which steam or hot water might enter the boiler (from any other part of the
system) are disconnected from that part; or

o All valves or taps controlling entry of steam or water are closed and securely locked. Where
there is a common blowdown pipe or vessel, the blowdown valve is constructed so that it can
only be opened by a key which cannot be removed until the blowdown valve is closed; and
that this is the only key in use in the boiler house.
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Fig. 3.14.4  A blowdown vessel installation on a single boiler (Not to scale)
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Size
This depends on the boiler pressure and blowdown line size, however:
o The vent should be large enough, that pressure within the vessel does not exceed 0.35 bar g.
o The volume of standing water must ensure that the overflowing water temperature does not

exceed 43°C.

Operation
The vessel should operate with a quantity of standing water, and the water quantity should be at
least twice the quantity of blowdown water. Approximately half of the tank’s volume should be
occupied by standing water and the remainder as air space.

Vent
The vent should ensure that flash steam is vented safely and there is no significant carryover of
water at the exit to the vent pipe. The vent should be as straight as possible and ideally terminated
with a vent head.

Tapping for a pressure gauge
The vessel must have a tapping for a pressure gauge, as the vessel is manufactured to a pressure
vessel specification and regular testing and inspection are required.

Cooling system
A cooling device should be fitted to the vessel if the hot water temperature causes the outlet
temperature at blowdown to exceed the permissible limit. The most cost-effective choice for
this application is a self-acting control valve. If the temperature exceeds the set temperature,
the valve will open and allow cold mains water into the vessel.

Boiler

Design temperature and pressure
The blowdown vessel design pressure should be at least 25% of the boiler maximum working
pressure and the design temperature should be greater than or equal to the saturation temperature
for the vessel design pressure.
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Multi-boiler installations

The piping arrangement for multi-boiler installations is covered in the UK HSE Guidance Note
(PM60); the following points are made:

Operation
Only one boiler can be blown down at any one time. In fact, sizing of the blowdown vessel will
be based on the highest pressure boiler with the biggest blowdown line size. Reference is also
made to the UK Factories Act (1961) which states the same thing.

Piping
Figure 3.14.5 shows the recommended layout for multiple boiler installations where the bottom
and TDS blowdown lines are taken back separately to the blowdown vessel. Manifolding should
be at the vessel and not at the boiler. Separate connections are required on the vessel for bottom
blowdown and for TDS blowdown return lines.

A third connection is also needed on the vessel to comply with UK Guidance Note (PM5)
regarding water level control in boilers. This requires a connection for the blowdown from
control chambers and level gauge glasses.

Valving
Where blowdown lines connect into an inlet manifold on the vessel, each must be fitted with
either a screw down non-return valve or, a non-return valve and an isolating valve. This is to
prevent the possibility of steam and pressurised hot water being blown from one working boiler
into another (inside which personnel may be working) during maintenance.

The preference is for two separate valves. The check valve will have to work regularly, hence
wear on the seat is inevitable.

Fig. 3.14.5  A blowdown vessel on a multi-boiler installation

TDS controls Check valves Stop valves

Blowdown
vessel

Drain
valves

Boiler Boiler
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Questions

1. Why is heat recovery from bottom boiler blowdown not carried out ?

a| It is not permitted by boiler regulations ¨

b| The water is too contaminated with solids ¨

c| The blowdown is too intermittent to make it practical ¨

d| The blowdown must go direct to a blowdown vessel ¨

2. A boiler operates at 7 bar g and is fitted with a DN25 bore bottom blowdown valve.
The boiler is blown down for 3 seconds every hour.
What is the approximate blowdown rate ?

a| 1.9 kg / s ¨

b| 5.7 kg / s ¨

c| 5.0 kg / s ¨

d| 15 kg / s ¨

3. What is the prime purpose of the isolation valve and non-return valve on each
blowdown line from a multi-boiler installation ?

a| To act as a reserve for the blowdown valve ¨

b| To assist in maintenance ¨

c| For pressure testing ¨

d| For prevention of reverse flow when a boiler is off-line ¨

4. Why should a blowdown valve be of large bore ?

a| It will give improved purging of sediment ¨

b| There will be a lower pressure drop across it ¨

c| It will be more able to handle the expansion of flash steam ¨

d| It is easier to open for a specified short time ¨

5. What is the purpose of the valve in the base of the blowdown vessel ?

a| For pressure testing ¨

b| To remove sludge from the blowdown vessel ¨

c| For isolating the cooled blowdown line to drain ¨

d| For inspection purposes ¨

6. With reference to the bottom blowdown, TDS blowdown and gauge glass
blowdown lines to a blowdown vessel, which of the following statements is correct ?

a| The bottom and TDS blowdown lines can be joined ¨

b| All three lines must have separate connections to the vessel ¨

c| The TDS and gauge glass lines can be joined ¨

d| The bottom and TDS lines can be joined ¨

1: c, 2: a, 3: d, 4: a, 5: b, 6: b Answers
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12 000

5 000

0

0
0 20 40 60 80 100 120 160 200 220 240140 180

1st off-peak load

50 minutes 45 minutes

2nd off-peak load

35 mins. 65 minutes30 mins. 25 mins.

1st overload 2nd overload

Mean surplus
 boiler capacity

Mean surplus
boiler capacity

5 000 - 1 800
=3 200 kg / h

5 000 - 2 400
               =2 600 kg / h

Mean surplus
boiler capacity
5 000 - 2 400

               =2 600 kg / h
5 000 - 1 800

           =3 200 kg / h

Mean load
=1 800 kg / h

Mean load
   =2 400 kg / h

Mean load
=1 800 kg / h

Mean load
=2 400 kg / h

Mean overload 8 800 kg / h Mean overload 8 500 kg / h
Mean overload 10 000 kg / h

Mean overload
 9 000 kg / h

Mean overload 
11 000 kg / h

Mean overload 12 000 kg / h

5 15 10 5 11 9

MCR

Overload Available surplus Load within boiler capacity

Time (minutes)

Lo
ad

 kg
 / h

Mean load

Minutes Minutes

Mean surplus
boiler capacity
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The Steam and Condensate Loop

An Introduction to Controls Module 5.1

5.1.2

Block 5 Basic Control Theory

An Introduction to Controls

The subject of automatic controls is enormous, covering the control of variables such as
temperature, pressure, flow, level, and speed.

The objective of this Block is to provide an introduction to automatic controls. This too can be
divided into two parts:

o The control of Heating, Ventilating and Air Conditioning systems (commonly known as HVAC);
and

o Process control.

Both are immense subjects, the latter ranging from the control of a simple domestic cooker to a
complete production system or process, as may be found in a large petrochemical complex.

The Controls Engineer needs to have various skills at his command - knowledge of mechanical
engineering, electrical engineering, electronics and pneumatic systems, a working understanding
of HVAC design and process applications and, increasingly today, an understanding of computers
and digital communications.

The intention of this Block is to provide a basic insight into the practical and theoretical facets of
automatic control, to which other skills can be added in the future, not to transform an individual
into a Controls Engineer

This Block is confined to the control of processes that utilise the following fluids: steam, water,
compressed air and hot oils.

Control is generally achieved by varying fluid flow using actuated valves. For the fluids mentioned
above, the usual requirement is to measure and respond to changes in temperature, pressure,
level, humidity and flowrate. Almost always, the response to changes in these physical properties
must be within a given time. The combined manipulation of the valve and its actuator with time,
and the close control of the measured variable, will be explained later in this Block.

The control of fluids is not confined to valves. Some process streams are manipulated by the
action of variable speed pumps or fans.

The need for automatic controls

There are three major reasons why process plant or buildings require automatic controls:

ooooo Safety - The plant or process must be safe to operate.
The more complex or dangerous the plant or process, the greater is the need for automatic
controls and safeguard protocol.

ooooo Stability - The plant or processes should work steadily, predictably and repeatably, without
fluctuations or unplanned shutdowns.

ooooo Accuracy -  This is a primary requirement in factories and buildings to prevent spoilage,
increase quality and production rates, and maintain comfort. These are the fundamentals
of economic efficiency.

Other desirable benefits such as economy, speed, and reliability are also important, but it is
against the three major parameters of safety, stability and accuracy that each control application
will be measured.

Automatic control terminology
Specific terms are used within the controls industry, primarily to avoid confusion. The same
words and phrases come together in all aspects of controls, and when used correctly, their meaning
is universal.

The simple manual system described in Example 5.1.1 and illustrated in Figure 5.1.1 is used to
introduce some standard terms used in control engineering.



The Steam and Condensate Loop 5.1.3

An Introduction to Controls Module 5.1Block 5 Basic Control Theory

Example 5.1.1  A simple analogy of a control system
In the process example shown (Figure5.1.1), the operator manually varies the flow of water by
opening or closing an inlet valve to ensure that:
o The water level is not too high; or it will run to waste via the overflow.
o The water level is not too low; or it will not cover the bottom of the tank.

The outcome of this is that the water runs out of the tank at a rate within a required range. If the
water runs out at too high or too low a rate, the process it is feeding cannot operate properly.

At an initial stage, the outlet valve in the discharge pipe is fixed at a certain position.

The operator has marked three lines on the side of the tank to enable him to manipulate the
water supply via the inlet valve. The 3 levels represent:

1. The lowest allowable water level to ensure the bottom of the tank is covered.

2. The highest allowable water level to ensure there is no discharge through the overflow.

3. The ideal level between 1 and 2.

Fig. 5.1.1  Manual control of a simple process

Inlet valve

Visual indicator
2

3

1

Overflow

Discharge valve
(fixed position)

Final product

Water

The Example (Figure 5.1.1) demonstrates that:
1. The operator is aiming to maintain the water in the vessel between levels 1 and 2. The water

level is called the Controlled condition.

2. The controlled condition is achieved by controlling the flow of water through the valve in the
inlet pipe. The flow is known as the Manipulated Variable, and the valve is referred to as the
Controlled Device.

3. The water itself is known as the Control Agent.

4. By controlling the flow of water into the tank, the level of water in the tank is altered. The
change in water level is known as the Controlled Variable.

5. Once the water is in the tank it is known as the Controlled Medium.

6. The level of water trying to be maintained on the visual indicator is known as the Set Value
(also known as the Set Point).

7. The water level can be maintained at any point between 1 and 2 on the visual indicator and
still meet the control parameters such that the bottom of the tank is covered and there is no
overflow. Any value within this range is known as the Desired Value.

8. Assume the level is strictly maintained at any point between 1 and 2. This is the water level at
steady state conditions, referred to as the Control Value or Actual Value.

Note: With reference to (7) and (8) above, the ideal level of water to be maintained was at
point 3. But if the actual level is at any point between 1 and 2, then that is still satisfactory.
The difference between the Set Point and the Actual Value is known as Deviation.

9. If the inlet valve is closed to a new position, the water level will drop and the deviation will
change. A sustained deviation is known as Offset.
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Elements of automatic control

Controller
(Brain)

Actuator
(Arm muscle)

Sensor
(Eye)

Process
(Tank)

Controlled device
(Valve)

Output
signal

Input
signal

Desired
value

Controlled conditionManipulated variable

Fig. 5.1.2  Elements of automatic control

Example 5.1.2  Elements of automatic control
o The operator’s eye detects movement of the water level against the marked scale indicator.

His eye could be thought of as a Sensor.

o The eye (sensor) signals this information back to the brain, which notices a deviation. The
brain could be thought of as a Controller.

o The brain (controller) acts to send a signal to the arm muscle and hand, which could be
thought of as an Actuator.

o The arm muscle and hand (actuator) turn the valve, which could be thought of as a Controlled
Device.

It is worth repeating these points in a slightly different way to reinforce Example 5.1.2:

In simple terms the operator’s aim in Example 5.1.1 is to hold the water within the tank at a
pre-defined level. Level 3 can be considered to be his target or Set Point.

The operator physically manipulates the level by adjusting the inlet valve (the control device).
Within this operation it is necessary to take the operator’s competence and concentration into
account. Because of this, it is unlikely that the water level will be exactly at Level 3 at all times.
Generally, it will be at a point above or below Level 3. The position or level at any particular
moment is termed the Control Value or Actual Value.

The amount of error or difference between the Set Point and the Actual Value is termed deviation.
When a deviation is constant, or steady state, it is termed Sustained Deviation or Offset.

Although the operator is manipulating the water level, the final aim is to generate a proper
outcome, in this case, a required flow of water from the tank.

Assessing safety, stability and accuracy

It can be assumed that a process typical of that in Example 5.1.1 contains neither valuable nor
harmful ingredients. Therefore, overflow or water starvation will be safe, but not economic or
productive.

In terms of stability, the operator would be able to handle this process providing he pays full and
constant attention.

Accuracy is not a feature of this process because the operator can only respond to a visible and
recognisable error.
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Summary of terminology

Set point
The value set on the scale of the control system in order to obtain the required condition.
If the controller was set at 60°C for a particular application: 60°C would be termed as the ‘set point’.

Desired value The required value that should be sustained under ideal conditions.
Control value The value of the control condition actually maintained under steady state conditions.
Deviation The difference between the set point and the control value.
Offset Sustained deviation.
Sensor The element that responds directly to the magnitude of the controlled condition.

Controlled medium The medium being controlled by the system. The controlled medium in Figure 5.1.1 is the
water in the tank.

Controlled condition
The physical condition of the controlled medium.
The controlled condition in Figure 5.1.1 is the water level.

Controller A device which accepts the signal from the sensor and sends a corrective (or controlling)
signal to the actuator.

Actuator The element that adjusts the controlled device in response to a signal from the controller.

Controlled device
The final controlling element in a control system, such as a control valve or a variable
speed pump.

There are many other terms used in Automatic Controls; these will be explained later in this
Block.

Elements of a temperature control system

Example 5.1.1 depicted a simple manual level control system. This can be compared with a
simple temperature control example as shown in Example 5.1.3 (manually controlled) and Figure
5.1.3. All the previous factors and definitions apply.

Example 5.1.3  Depicting a simple manual temperature control system
The task is to admit sufficient steam (the heating medium) to heat the incoming water from a
temperature of T1; ensuring that hot water leaves the tank at a required temperature of T2.

Fig. 5.1.3  Simple manual temperature control
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Cold water
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Assessing safety, stability and accuracy
Whilst manual operation could probably control the water level in Example 5.1.1, the manual
control of temperature is inherently more difficult in Example 5.1.3 for various reasons.

If the flow of water varies, conditions will tend to change rapidly due to the large amount of heat
held in the steam. The operator’s response in changing the position of the steam valve may
simply not be quick enough. Even after the valve is closed, the coil will still contain a quantity of
residual steam, which will continue to give up its heat by condensing.

Anticipating change
Experience will help but in general the operator will not be able to anticipate change. He must
observe change before making a decision and performing an action.

This and other factors, such as the inconvenience and cost of a human operator permanently on
duty, potential operator error, variations in process needs, accuracy, rapid changes in conditions
and the involvement of several processes, all lead to the need for automatic controls.

With regards to safety, an audible alarm has been introduced in Example 5.1.3 to warn of
overtemperature - another reason for automatic controls.

Automatic control
A controlled condition might be temperature, pressure, humidity, level, or flow. This means that
the measuring element could be a temperature sensor, a pressure transducer or transmitter, a
level detector, a humidity sensor or a flow sensor.

The manipulated variable could be steam, water, air, electricity, oil or gas, whilst the controlled
device could be a valve, damper, pump or fan.

For the purposes of demonstrating the basic principles, this Module will concentrate on valves as
the controlled device and temperature as the controlled condition, with temperature sensors as
the measuring element.

Components of an automatic control
Figure 5.1.4 illustrates the component parts of a basic control system. The sensor signals to the
controller. The controller, which may take signals from more than one sensor, determines whether
a change is required in the manipulated variable, based on these signal(s). It then commands the
actuator to move the valve to a different position; more open or more closed depending on the
requirement.

Fig. 5.1.4  Components of an automatic control

Sensor Controller Actuator

Valve

Controllers are generally classified by the sources of energy that power them, electrical, pneumatic,
hydraulic or mechanical.

An actuator can be thought of as a motor. Actuators are also classified by the sources of energy
that power them, in the same way as controllers.
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Valves are classified by the action they use to effect an opening or closing of the flow orifice, and
by their body configurations, for example whether they consist of a sliding spindle or have a
rotary movement.

If the system elements are combined with the system parts (or devices) the relationship between
‘What needs to be done?’ with ‘How does it do it?’, can be seen.

Some of the terms used may not yet be familiar. However, in the following parts of Block 5, all
the individual components and items shown on the previous drawing will be addressed.

Fig. 5.1.5  Typical mix of process control devices with system elements
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Controlled
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Temperature /
pressure /
humidity sensor

Controlled condition

Vat, heat exchanger, steriliser2-port / 3-port valve

Pneumatic /
electric /

SA actuator

Manipulated variable
Compressed air (0.2 to 1.0 bar)
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Answers

Questions

1. Air temperature in a room is controlled at 25°C. If the actual temperature varies from
this, what term is used to define the difference?

a| Offset ¨

b| Deviation ¨

c| Sustained deviation ¨

d| Desired value ¨

2. A pneumatic temperature control is used on the steam supply to a non-storage heat
exchanger that heats water serving an office heating system. What is referred to as
the ‘manipulated variable’?

a| The water being heated ¨

b| The steam supply ¨

c| The air signal from the controller to the valve actuator ¨

d| The temperature of the air being heated ¨

3. If an automatic control is to be selected and sized, what is the most important aspect to
consider?

a| Safety in the event of a power failure ¨

b| Accuracy of control ¨

c| Stability of control ¨

d| All of them ¨

4. Define ‘control value’?

a| The value set on the scale of the control system in order to obtain the required condition ¨

b| The quantity or condition of the controlled medium ¨

c| The flow or pressure of the steam (or fluid) being manipulated ¨

d| The value of the controlled condition actually maintained under steady state conditions ¨

5. An electronic controller sends a signal to an electric actuator fitted to a valve on the
steam supply to a coil in a tank of water. In control terms, how is the water described?

a| Control agent ¨

b| Manipulated variable ¨

c| Controlled medium ¨

d| Controlled variable ¨

6. With reference to Question 5, the controller is set to maintain the water temperature at
80oC, but at a particular time it is 70oC. In control terms how is the temperature of 80oC
described?

a| Controlled condition ¨

b| Control value ¨

c| Set value ¨

d| Control point ¨

1: b 2: b, 3: d, 4: d, 5: a, 6: c
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�# ���� ���� ���� ���� ��� ���� ���� ��� ���� ����
�% ���� ���� ���� ���� ��� ���� ���� ��� ���� ����
�% ���� ���� ���� ���� ��� ���� ���� ��� ���� ����
&% ���� ���� ���� ���� ��� ���� ���� ���� ���� ����
'% ���� ���� ���� ���� ��� ���� ���� ���� ���� ����
�%% ���� ���� ��� ���� ��� ���� ���� ���� ���� ����
��% ���� ���� ��� ���� ��� ���� ���� ���� ���� ����
��% ���� ���� ��� ���� ���� ���� ���� ���� ���� ����
�&% ���� ���� ��� ���� ���� ���� ���� ���� ���� ����
�'% ���� ���� ��� ���� ���� ���� ���� ���� ���� ����
�%% ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
��% ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
��% ���� ���� ���� ���� ���� ���� ���� ���� ����
�&% ���� ���� ���� ���� ���� ���� ���� ���� ����
�'% ���� ���� ���� ���� ���� ���� ���� ���� ����
�%% ���� ���� ���� ���� ���� ���� ���� ���� ����
�#% ���� ���� ���� ���� ���� ���� ���� ���� ����
�%% ���� ���� ���� ���� ���� ���� ���� ���� ����
#%% ���� ���� ���� ���� ���� ���� ���� ���� ����
&%% ���� ���� ���� ���� ���� ���� ���� ���� ����
'%% ���� ���� ���� ���� ���� ���� ���� ����

��%%% ���� ���� ���� ��� ���� ���� ���� ����
���#% ���� ���� ���� ���� ���� ���� ��� ����
��#%% ���� ���� ���� ���� ���� ���� ��� ����
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(+����) �#% �%% �#% �%% �#% �%% �#% #%% ##% &%%

� ���� ���� ��� ���� ���� ���� ���� ���� ��� ����
� ���� ���� ��� ���� ���� ���� ���� ���� ��� ����
� ���� ���� ��� ���� ���� ���� ���� ���� ��� ����
# ���� ���� ��� ���� ���� ���� ���� ���� ��� ����
& ���� ��� ���� ���� ���� ���� ���� ��� ����
* ���� ���� ���� ���� ���� ���� ���� ��� ����
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�� ���� ���� ���� ���� ���� ���� ���� ��� ����
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�� ���� ���� ���� ��� ���� ���� ���� ����
�% ���� ��� ���� ��� ���� ���� ���� ����
#& ���� ���� ���� ���� ���� ���� ����
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The Steam and Condensate Loop

Introduction to Steam Distribution Module 10.1

10.1.2

Block 10 Steam Distribution

Introduction to Steam Distribution

The steam distribution system is the essential link between the steam generator and the steam
user.

This Module will look at methods of carrying steam from a central source to the point of use. The
central source might be a boiler house or the discharge from a co-generation plant. The boilers
may burn primary fuel, or be waste heat boilers using exhaust gases from high temperature
processes, engines or even incinerators. Whatever the source, an efficient steam distribution
system is essential if steam of the right quality and pressure is to be supplied, in the right quantity,
to the steam using equipment. Installation and maintenance of the steam system are important
issues, and must be considered at the design stage.

Steam system basics
From the outset, an understanding of the basic steam circuit, or �steam and condensate loop� is
required � see Figure 10.1.1. As steam condenses in a process, flow is induced in the supply
pipe. Condensate has a very small volume compared to the steam, and this causes a pressure
drop, which causes the steam to flow through the pipes.

The steam generated in the boiler must be conveyed through pipework to the point where its
heat energy is required. Initially there will be one or more main pipes, or �steam mains�, which
carry steam from the boiler in the general direction of the steam using plant. Smaller branch
pipes can then carry the steam to the individual pieces of equipment.

When the boiler main isolating valve (commonly called the �crown� valve) is opened, steam
immediately passes from the boiler into and along the steam mains to the points at lower pressure.
The pipework is initially cooler than the steam, so heat is transferred from the steam to the pipe.
The air surrounding the pipes is also cooler than the steam, so the pipework will begin to transfer
heat to the air.

Steam on contact with the cooler pipes will begin to condense immediately. On start-up of the
system, the condensing rate will be at its maximum, as this is the time where there is maximum
temperature difference between the steam and the pipework. This condensing rate is commonly
called the �starting load�. Once the pipework has warmed up, the temperature difference between
the steam and pipework is minimal, but some condensation will occur as the pipework still
continues to transfer heat to the surrounding air. This condensing rate is commonly called the
�running load�.

Fig. 10.1.1  A typical basic steam circuit
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Introduction to Steam Distribution Module 10.1Block 10 Steam Distribution
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The resulting condensation (condensate) falls to the bottom of the pipe and is carried along by
the steam flow and assisted by gravity, due to the gradient in the steam main that should be
arranged to fall in the direction of steam flow. The condensate will then have to be drained from
various strategic points in the steam main.

When the valve on the steam pipe serving an item of steam using plant is opened, steam flowing
from the distribution system enters the plant and again comes into contact with cooler surfaces.
The steam then transfers its energy in warming up the equipment and product (starting load),
and, when up to temperature, continues to transfer heat to the process (running load).

There is now a continuous supply of steam from the boiler to satisfy the connected load and to
maintain this supply more steam must be generated. In order to do this, more water (and fuel to
heat this water) is supplied to the boiler to make up for that water which has previously been
evaporated into steam.

The condensate formed in both the steam distribution pipework and in the process equipment
is a convenient supply of useable hot boiler feedwater. Although it is important to remove this
condensate from the steam space, it is a valuable commodity and should not be allowed to
run to waste. Returning all condensate to the boiler feedtank closes the basic steam loop, and
should be practised wherever practical. The return of condensate to the boiler is discussed
further in Block 13, �Condensate Removal�, and Block 14,�Condensate Management�.

The working pressure
The distribution pressure of steam is influenced by a number of factors, but is limited by:

o The maximum safe working pressure of the boiler.

o The minimum pressure required at the plant.

As steam passes through the distribution pipework, it will inevitably lose pressure due to:

o Frictional resistance within the pipework (detailed in Module 10.2).

o Condensation within the pipework as heat is transferred to the environment.

Therefore allowance should be made for this pressure loss when deciding upon the initial
distribution pressure.

A kilogram of steam at a higher pressure occupies less volume than at a lower pressure. It follows
that, if steam is generated in the boiler at a high pressure and also distributed at a high pressure,
the size of the distribution mains will be smaller than that for a low-pressure system for the same
heat load. Figure 10.1.2 illustrates this point.

Generating and distributing steam at higher pressure offers three important advantages:

o The thermal storage capacity of the boiler is increased, helping it to cope more efficiently with
fluctuating loads, minimising the risk of producing wet and dirty steam.

o Smaller bore steam mains are required, resulting in lower capital cost, for materials such as
pipes, flanges, supports, insulation and labour.

o Smaller bore steam mains cost less to insulate.

Fig. 10.1.2  Dry saturated steam - pressure /specific volume relationship
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Having distributed at a high pressure, it will be necessary to reduce the steam pressure to each
zone or point of use in the system in order to correspond with the maximum pressure required
by the application. Local pressure reduction to suit individual plant will also result in drier steam
at the point of use. (Module 2.3 provides an explanation of this).

Note: It is sometimes thought that running a steam boiler at a lower pressure than its rated
pressure will save fuel. This logic is based on more fuel being needed to raise steam to a higher
pressure.

Whilst there is an element of truth in this logic, it should be remembered that  it is the connected
load, and not the boiler output, which determines the rate at which energy is used. The same
amount of energy is used by the load whether the boiler raises steam at 4 bar g, 10 bar g or
100 bar g. Standing losses, flue losses, and running losses are increased by operating at higher
pressures, but these losses are reduced by insulation and proper condensate return systems.
These losses are marginal when compared to the benefits of distributing steam at high pressure.

Pressure reduction
The common method for reducing pressure at the point where steam is to be used is to use a
pressure reducing valve, similar to the one shown in the pressure reducing station Figure 10.1.3.

A separator is installed upstream of the reducing valve to remove entrained water from incoming
wet steam, thereby ensuring high quality steam to pass through the reducing valve. This is discussed
in more detail in Module 9.3 and Module 12.5.

Plant downstream of the pressure reducing valve is protected by a safety valve. If the pressure
reducing valve fails, the downstream pressure may rise above the maximum allowable working
pressure of the steam using equipment. This, in turn, may permanently damage the equipment,
and, more importantly, constitute a danger to personnel.

With a safety valve fitted, any excess pressure is vented through the valve, and will prevent this
from happening (safety valves are discussed in Block 9).

Other components included in the pressure reducing valve station are:

o The primary isolating valve - To shut the system down for maintenance.

o The primary pressure gauge - To monitor the integrity of supply.

o The strainer - To keep the system clean.

o The secondary pressure gauge - To set and monitor the downstream pressure.

o The secondary isolating valve - To assist in setting the downstream pressure on no-load
conditions.

Fig. 10.1.3  Typical pressure reducing valve station
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Questions

1. Distributing steam at high pressure, instead of low pressure, will have the following
effect.

a | Heat losses from the pipes will be less. ¨

b | A lower storage capacity in the high pressure pipes. ¨

c | High pressure small bore steam pipes cost less to install and insulate. ¨

d | The steam pipes will be smaller creating wet steam. ¨

2. A steam pressure reducing valve is fitted to:

a | Prevent the pressure at the plant exceeding its safe working pressure. ¨

b | Help dry the steam supply to the plant. ¨

c | Reduce the flash steam losses as condensate passes through the plant steam traps. ¨

d | Supply the plant with steam at the designed temperature and pressure. ¨

3. The start-up condensate load of a steam main is generally greater than the running load
because:

a | The pipework and fittings are cold, so steam is required to heat it up to steam
temperature. ¨

b | The steam space within the pipework has to be charged with steam to the
desired running pressure. ¨

c | The boiler crown valve or stop valve is opened very slowly and initially there
is insufficient pressure to discharge condensate through the steam traps. ¨

d | On initial opening of the crown valve, the steam distribution pressure will be low
and the enthalpy of evaporation of low pressure steam is greater than at high pressure
so a greater mass of steam will be condensed. ¨

4. The pressure at which steam is supplied to the plant should be dictated by:

a | The boiler operating pressure. ¨

b | The steam distribution pressure. ¨

c | The maximum allowable safe working pressure of the plant. ¨

d | The plant design pressure and temperature. ¨

5. Which of the following results in pressure losses in distribution pipework?

a | Sizing the pipes on low pressure instead of high pressure. ¨

b | Frictional resistance within and heat loss from the pipe and fittings. ¨

c | Sizing the pipes on start-up load of the plant. ¨

d | Large steam users. ¨

6. The steam pipe after a pressure reducing valve is likely to be:

a | Smaller than the upstream pipe because of the smaller volume of low pressure steam. ¨

b | The same size as the connection to the plant. ¨

c | Larger than the upstream pipe because the volume of the low pressure steam
is greater. ¨

d | The same size as the upstream pipe because the flowrate through each pipe
is the same. ¨

1: c, 2: d, 3: a, 4: d, 5: b 6: c Answers
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 150 m (original pipe length)

+ 10 % (allowance for pipe fittings)

= 165 m (revised pipe length)

Unit heater

 at 6.6 bar g 

270 kg/h

Revised load to supply the heater battery is 

270 kg/h + 5.8% = 286 kg/h

Boiler at 

7.0 bar g 

286 kg/h

L = 150 m

P
1 

=
 
7 bar g P

2 
=

 
6.6 bar g
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Module 10.5
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10.5.2

Block 10 Steam Distribution

Air Venting, Heat Losses and a Summary of
Various Pipe Related Standards

Air venting
When steam is first admitted to a pipe after a period of shutdown, the pipe is full of air. Further
amounts of air and other non-condensable gases will enter with the steam, although the proportions
of these gases are normally very small compared with the steam. When the steam condenses,
these gases will accumulate in pipes and heat exchangers. Precautions should be taken to discharge
them. The consequence of not removing air is a lengthy warming up period, and a reduction in
plant efficiency and process performance.

Air in a steam system will also affect the system temperature. Air will exert its own pressure within
the system, and will be added to the pressure of the steam to give a total pressure. Therefore, the
actual steam pressure and temperature of the steam/air mixture will be lower than that suggested
by a pressure gauge.

Of more importance is the effect air has upon heat transfer. A layer of air only 1 mm thick can
offer the same resistance to heat as a layer of water 25 µm thick, a layer of iron 2 mm thick or
a layer of copper 15 mm thick. It is very important therefore to remove air from any steam
system.

Automatic air vents for steam systems (which operate on the same principle as thermostatic steam
traps) should be fitted above the condensate level so that only air or steam/air mixtures can reach
them. The best location for them is at the end of the steam mains as shown in Figure 10.5.1.

Fig. 10.5.1  Draining and venting at the end of a steam main

Steam main

Discharge air to
a safe place

Drain to a safe place Condensate

Balanced pressure air vent
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The discharge from an air vent must be piped to a safe place. In practice, a condensate line falling
towards a vented receiver can accept the discharge from an air vent.

In addition to air venting at the end of a main, air vents should also be fitted:

In parallel with an inverted bucket trap or, in some instances, a thermodynamic trap. These traps
are sometimes slow to vent air on start-up.

In awkward steam spaces (such as at the opposite side to where steam enters a jacketed pan).

Where there is a large steam space (such as an autoclave), and a steam/air mixture could affect
the process quality.

Reduction of heat losses
Even when a steam main has warmed up, steam will continue condensing as heat is lost by
radiation. The condensing rate will depend upon the steam temperature, the ambient temperature,
and the efficiency of the pipe insulation.

For a steam distribution system to be efficient, appropriate steps should be taken to ensure that
heat losses are reduced to the economic minimum. The most economical thickness of insulation
will depend upon several factors:

Installation cost.

The heat carried by the steam.

Size of the pipework.

Pipework temperature.

When insulating external pipework, dampness and wind speed must be taken into account.

The effectiveness of most insulation materials depends on minute air cells which are held in a
matrix of inert material such as mineral wool, fibreglass or calcium silicate. Typical installations
use aluminium clad fibreglass, aluminium clad mineral wool and calcium silicate. It is important
that insulating material is not crushed or allowed to waterlog. Adequate mechanical protection
and waterproofing are essential, especially in outdoor locations.

The heat loss from a steam pipe to water, or to wet insulation, can be as much as 50 times greater
than from the same pipe to air. Particular care should be taken to protect steam lines, running
through waterlogged ground, or in ducts, which may be subjected to flooding. The same applies
to protecting the lagging from damage by ladders etc., to avoid the ingress of rainwater.

It is important to insulate all hot parts of the system with the exception of safety valves. This
includes all flanged joints on the mains, and also the valves and other fittings. It was, at one time,
common to cut back the insulation at each side of a flanged joint, to leave access to the bolts for
maintenance purposes. This is equivalent to leaving about 0.5 m of bare pipe.

Fortunately, prefabricated insulating covers for flanged joints and valves are now more widely
available. These are usually provided with fasteners so that they can readily be detached to
provide access for maintenance purposes.

Calculation of heat transfer
The calculation of heat losses from pipes can be very complex and time consuming, and assume
that obscure data concerning pipe wall thickness, heat transfer coefficients and various derived
constants are easily available, which, usually, they are not.

The derivations of these formulae are outside the scope of this Module, but further information
can be readily found in any good thermodynamics textbook. To add to this, an abundance of
contemporary computer software is available for the discerning engineer.
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10.5.4

Block 10 Steam Distribution

This being so, pipe heat losses can easily be found by reference to Table 10.5.1 and a simple
equation (Equation 2.12.2).

The table assumes ambient conditions of between 10 - 21°C, and considers heat losses from bare
horizontal pipes of different sizes with steam contained at various pressures.

Table 10.5.1  Heat emission from pipes

Note: Heat emission from bare horizontal pipes with ambient temperatures between 10°C and 20°C and still air conditions

Temperature Pipe size (DN)
difference 15 20 25 32 40 50 65 80 100 150

steam to air °C W/m
60 60 72 88 111 125 145 172 210 250 351
70 72 87 106 132 147 177 209 253 311 432
80 86 104 125 155 171 212 248 298 376 519
90 100 121 146 180 196 248 291 347 443 610

100 116 140 169 207 223 287 336 400 514 706
110 132 160 193 237 251 328 385 457 587 807
120 149 181 219 268 282 371 436 517 664 914
130 168 203 247 301 313 417 490 581 743 1 025
140 187 226 276 337 347 464 547 649 825 1 142
150 208 250 306 374 382 514 607 720 911 1 263
160 229 276 338 413 418 566 670 794 999 1 390
170 251 302 372 455 457 620 736 873 1 090 1 521
180 275 330 407 499 497 676 805 955 1 184 1 658
190 299 359 444 544 538 735 877 1 041 1 281 1 800
200 325 389 483 592 582 795 951 1 130 1 381 1 947

Other factors can be included in the equation, for instance, if a pipe is lagged with insulation
providing a reduction in heat losses to 10% of the uninsulated pipe, then it is multiplied by a
factor of 0.1.

Where:
ms = Rate of condensation (kg /h)
Q = Heat emission (W/m) (from Table 10.5.1)
L = Effective length of pipe, allowing for flanges and fittings (m)
f = Insulation factor. e.g.: 1 for bare pipes, 0.1 for good insulation
hfg = Specific enthalpy of evaporation (kJ /kg)

Equivalent lengths:
Pair of mating flanges 0.5 m
Line size valve 1.0 m

Example 10.5.1
50 m of 100 mm pipe has 8 pairs of flanges and two valves, and carries saturated steam at
7 bar g. Ambient temperature is 10°C, and the insulation efficiency is given as 0.1

With reference to Table 10.5.1 and the application of Equation 10.5.1: determine the quantity
of steam that will be condensed per hour:

Part 1 - Without insulation.

Part 2 - With the pipe insulated, but the valves and flanges are left without insulation.

Part 3 - Completely insulated.

Equation 2.12.23.6  L f
h=

fg
s

Qm
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Equivalent length of fittings:

(8 pairs of flanges @ 0.5 m)  +  (2 valves @ 1.0 m) = 6.0 m of pipe

Saturated steam at 7 bar g:
Steam temperature = 170°C

Temperature difference (pipe to ambient temperature) = 170°C - 10°C = 160°C
Enthalpy of evaporation (hfg) = 2048 kJ /kg

Heat loss per metre of 100 mm pipe (from Table 10.5.1) = 999 W/m

Part 1 - Without insulation:

Part 2 - Pipe insulated, but without insulation on the valves and flanges:

Consider the two elements separately:

3.6  L f 
 

h

3.6 x 999 x (50 + 6) x 1
 

2 048

=

=

fg
s

s

Condensing rate = 98.3 kg h

Q
m

m

3.6  L f 
 

h

3.6 x 999 x 50 x 0.1
 

2 048

3.6  L f 
h

3.6 x 999 x 6 x 1
2 048

=

=

=

=

fg

fg

s

s

s

s

s

s

Insulated pipe :

Heat loss from pipes = 8.78 kg h

Uninsulated fittings :

Heat loss from fittings = 10.54 kg h

Q
m

m

Q
m

m

m

m

Total condensing rate = heat loss from pipes + heat loss from fittings

Total condensing rate = 8.78 kg /h  +  10.54 kg /h  =  19.32 kg /h

Part 3 - Pipe and fittings insulated:

Equation 2.12.2
3.6  L f

h=
fg

s
Qm

3.6  L f 
 

h

3.6 x 999 x (50 + 6) x 0.1
 

2 048

.

=

=

fg
s

s

Condensing rate = 9 83 kg h

Q
m

m
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Block 10 Steam Distribution

Relevant UK and International Standards

Symbols have been used to indicate, technically equivalent standards (=====), and related standards (≠≠≠≠≠)
respectively.

Table 10.5.2
BS 10 Specification for flanges and bolting for pipes, valves and fittings.
BS 21 ===== Specification for pipe threads for tubes and fittings whereISO 7/1 ≠≠≠≠≠ pressure tight joints are made on the threads.ISO 7/2
EN 13480 Specification for metallic industrial piping.
BS 1306 Specification for copper and copper alloy piping systems.

EN 10255
Specification for screwed and socketed tubes and tubulars and for
plain end steel tubes suitable for welding and screwing to BS 21 pipe threads.
Circular flanges for pipes, valves and fittings (Class designated):
- Part 3, Section 3.1 - Specification for steel flanges (≠≠≠≠≠ ISO 7005).

BS 1560 - Part 3, Section 3.2 - Specification for cast iron flanges (≠≠≠≠≠ ISO 7005-2).
- Part 3, Section 3.3 - Specification for copper alloy and composite flanges (≠≠≠≠≠ ISO 7005-3).

BS 1600 Dimensions of steel pipe for the petroleum industry.
EN 10253-1 Specification for butt welding pipe fittings for pressure purposes.
BS 1710 Specification for identification of pipelines.
BS 2779===== Specification for pipe threads for tubes and fittings whereIS0 228/1, pressure tight joints are not made onthe threads.ISO 228/2

EN 10220
Specification for dimensions and masses per unit length of welded and seamless steel pipes and
tubes for pressure purposes.

BS 3601
Specification for steel pipes and tubes with specified room temperature properties for pressure
purposes.

EN 10216-2 Specification for steel pipes and tubes for pressure purposes:
EN 10217-2/3/5 carbon and carbon manganese steel with specified elevated temperature properties.
EN 10216-4 Specification for carbon and alloy steel pipes and tubes with
EN 10217-4 specified low temperature properties for pressure purposes.
EN 10216-2 Steel pipes and tubes for pressure purposes:EN 10217-2 ferritic alloy steel with specified elevated temperature properties.BS 3604-2
BS 3605-1/2 Austenitic stainless steel pipes and tubes for pressure purposes.
BS 3799 Specification for steel pipe fittings, screwed and socket welded for the petroleum industry.
BS 3974 Specification for pipe supports.
EN 1092-1 3.1 - Specification for steel flanges;
EN 1092-2 3.2 - Specification for cast iron flanges (≠≠≠≠≠ ISO 7005-2);
BS 4504 3.3 - Specification for copper alloy and composite flanges (≠≠≠≠≠ ISO 7005-3).

Summary
To summarise the ‘Steam Distribution’ Block of The Steam and Condensate Loop, the following
checklist may be used to ensure that a steam distribution system will operate efficiently and
effectively:

Are steam mains properly sized?
Are steam mains properly laid out?

Are steam mains adequately drained?

Are steam mains adequately air vented?
Is adequate provision made for expansion?

Can separators be used to improve steam quality?

Are there leaking joints, glands or safety valves and why?
Can redundant piping be blanked off or removed?

Is the system effectively insulated?
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Questions

1. As a general rule, where should air vents be fitted in a steam system?

a | At the highest points

b | On a bypass around a steam trap

c | At points where air is driven by the incoming steam

d | Around all steam traps or points adjacent to them

2. On what principle do automatic air vents operate?

a | They sense the difference in pressure between steam pressure and water pressure
in a steam/air mixture

b | They are temperature sensitive and remain open until steam at any pressure
reaches them

c | They remain open until the air passing through them reaches steam temperature

d | They remain open until steam at saturation temperature reaches them. They will then
close and will remain closed until, the temperature drops by approximately 12°C.

3. From the following, what is the effect of air in a steam and condensate system?

a | Erosion of pipes

b | Reduced heat output from the plant  

c | The steam traps will close as they would on sensing steam

d | The air will prevent steam and condensate reaching the traps

4. The surface cladding of insulation on a steam main is damaged and allows rain to enter
the lagging. What is the effect?

a | No significant effect

b | Less condensation will occur in the pipe because the heat transfer rate through water
is less than the heat transfer rate through air

c | The water will be evaporated and the steam formed will destroy the insulation

d | Heat losses will increase because the heat transfer rate to water is much greater than
to air

5. A 75 m long, 150 mm steam main operates at 10 bar g. The main runs outside and the
insulation is claimed to be 80% efficient. Approximately how much steam will be
condensed in meeting heat losses from the pipe?

a | 200 kg /h

b | 40 kg /h

c | 97 kg /h

d | 28 kg /h

6. If, in Question 5, the insulation was 90% efficient, what would the heat losses now be?

a | 180 kg /h

b | 20 kg /h

c | 194 kg /h

d | 14 kg /h

1: c, 2: d, 3: b, 4: d, 5: b, 6: b Answers
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Considerations for Selecting Steam Traps

Considerations

By definition, a steam trap must trap or hold back steam whilst at the same time not restricting
the passage of condensate, air, and other incondensable gases. The basic requirements of good
steam trapping have already been outlined but it is worth repeating that the performance of the
plant is paramount. The trap selection follows on the basis that the requirements of pressure,
condensate load and air venting have been met, in the provisional selection. However, system
design and maintenance needs will also influence performance and selection. Please refer to the
following sub-sections in this Module for further advice on this matter.

Waterhammer
Waterhammer is a symptom of a problem in the steam system. This could be due to poor design
of the steam and condensate pipework, the use of the wrong type of trap or traps or a leaking
steam trap, or a combination of these factors. It is often futile to install the correct trap for an
application if the system layout will not allow the trap to operate correctly. It is equally pointless
to install the correct layout and not pay proper attention to steam trapping. The Modules 11.6
to 11.11 inclusive 'Selecting steam traps' will deal with the correct matching of steam traps
to applications and layouts. The proper layout of steam pipework is also dealt with in Block 10 -
'Steam Distribution'. Symptoms of waterhammer are often attributed to malfunction of the steam
trap. A more likely explanation is that a faulty steam trap has been damaged by waterhammer.
Waterhammer can be caused in a number of ways, including:-

Failure to remove condensate from the path of high velocity steam in the pipework.

From an application which is temperature controlled and where condensate has to lift to a
return line, or return to a pressurised system.

The inability of condensate to properly enter or travel along an undersized return line, due to
either (a) flooding, or (b) overpressurisation with the throttling effects of flash steam.

Modern design and manufacturing techniques have produced steam traps which are more robust
than those of their predecessors. This allows the steam trap to last longer under normal conditions,
and will also be better able to withstand the effects of poorly designed systems. Basically,  however
well a steam trap is made, if it is installed in a poorly designed system it will be less effective and
have a shorter working life.

If a steam trap persistently fails on an established system due to waterhammer, it is probably the
fault of the system layout, rather than the trap. The solution is to investigate and eradicate the
true cause of the problem by correcting the system inadequacies.

Two important applications are the drainage of steam mains, and of temperature controlled heat
exchangers.

As a general rule, steam mains should be drained at regular intervals of 30 to 50 metres with
adequately sized drain pockets. The bottom of any riser must also be drained.

Temperature controlled heat exchangers can only work effectively if condensate is allowed to
drain freely from them. If there is a lift after the trap, there will always be a tendency for
waterhammer, whichever trap is fitted. In this situation, the trap should either be complemented
with a  pump, or changed for a punp-trap . This subject will be dealt with in further detail in
Block 13 - 'Condensate Removal'

It is important that the pipework is designed and installed correctly. This will help to maintain
thermal performance of the system throughout its service life.

Dirt
Dirt is another major factor which must be considered when selecting traps. Although steam
condenses to distilled water, it can sometimes contain trace products of boiler feed treatment
compound and natural minerals found in water. Pipe dirt created during installation and the
products of corrosion also need to be considered.
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An intermittent blast action trap is the least likely to be affected by dirt. In thermostatic traps this
means that the balanced pressure thermostatic trap is preferable, although the larger flat valve
associated with some diaphragm traps can cause difficulties.

The dribbling action of bimetallic traps, coupled with the arrangement of the valve stem passing
through the seat, means that these are most prone to malfunction (due to added friction) or even
to blockage. It is sometimes claimed that the sensor element can be readily cleaned and is not
subject to fouling. However, fouling of the element is rarely a problem: the relevant parts are
the 'dynamic clack' valve mechanism, which tends to be self-cleaning due to its positive opening
action.

Float-thermostatic steam traps are quite resistant to dirt.  As an extreme example, when draining
concrete curing autoclaves, the residual sand which precipitates into the condensate can be
carried through large float-thermostatic steam traps quite successfully, due to the low velocity
flow through a relatively large orifice.

The inverted bucket trap has an air vent hole in the bucket. If this blocks, it can cause the trap to
air-bind and be slow to react. If this happens, the scale or dirt blocking the air vent must be
dislodged, which requires the trap to be removed from service.

The impulse trap is intolerant of dirty conditions. The fine clearance between plug and tapered
sleeve is susceptible to high velocity flow and the plug will frequently stick in an intermediate
position. The trap seizes in a fixed position and will either pass steam or condensate depending
on the rate of condensation.

The fixed orifice device is least suited to dirty conditions. The hole is inherently small and frequently
blocks. Enlarging the hole (as is sometimes done in desperation) destroys the concept of sizing
on a fixed orifice. It is wasteful and in some cases merely delays the time until blockage
re-occurs. A strainer is often supplied and fitted but this has to be extremely fine to be effective.

This simply transfers the blockage from the orifice trap to the strainer, which, in turn, requires
regular downtime for cleaning.

Strainers
These devices (Figure 11.5.1) are frequently forgotten about in steam systems, often, it seems, in
an effort to reduce installation costs. Pipe scale and dirt can affect control valves and steam traps,
and reduce heat transfer rates.  It is extremely easy and inexpensive to fit a strainer in a pipe, and
the low cost of doing so will pay dividends throughout the life of the installation. Scale and dirt
are arrested, and maintenance is usually reduced as a result.

Selection is simple. The strainer material is selected to match the type of installation and the
system pressure up to which it is expected to operate. Different filter screen sizes may be
considered for differing degrees of protection. The finer the filter, the more often it may need
cleaning. One thing is certain, strainers are far easier and cheaper to buy and maintain than
control valves or steam traps.

Further information on strainers is given in Block 12 - 'Pipeline Ancillaries'

Fig. 11.5.1  Typical Y-type strainer (cut section)

Flow
path
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Steam locking
The possibility of steam locking can sometimes be a deciding factor in the selection of steam
traps. It can occur whenever a steam trap is fitted remotely from the plant being drained. It can
become acute when condensate is removed through a syphon or dip pipe. Figure 11.5.2 illustrates
the problem of steam locking in a rotating drying cylinder by using a syphon pipe.

In Figure 11.5.2 (i) the steam pressure is sufficient to lift condensate up the syphon pipe, through
the steam trap and away. Figure 11.5.2 (ii) shows what happens when the level of the condensate
at the bottom of the cylinder falls below the end of the syphon pipe. Steam enters the syphon
pipe and causes the steam trap (in this case a float type) to close.

The trap is temporarily 'steam locked'. Heat loss from the cylinder will result in the formation of
more condensate which, as a result, is unable to reach the trap. Figure 11.5.2 (iii) shows the
cylinder becoming increasingly waterlogged which will result in a reduced drying rate from the
cylinder and an increase in the power required to turn the cylinder. In extreme cases the cylinder
may fill to the centre line and damage may then result from mechanical overload.

Fig. 11.5.2  Steam locking

(i)

(ii)

(iii)

Condensate in
the syphon tube

Steam enters
the syphon tube

Steam locked in
the syphon tube
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To relieve this problem a trap is needed with a 'steam lock release' valve. This is an internal
needle valve which allows the steam locked in the syphon pipe to be bled away past the main
valve. The float trap is the only type of trap with this facility and is the correct choice on rotating
machinery such as drying cylinders. Because the needle valve is just open enough to avoid steam
wastage it has a limited capacity to vent air. Traps of this type are often provided with combined
air vents and steam lock release (Figure 11.5.3). The manually operated steam lock release
mechanism works independently of the automatic air vent action. A standard float-thermostatic
steam trap is shown in Figure 11.5.4.

Other types of traps will open and eventually cope with a steam lock, however, the drainage and
plant performance will be erratic. This is clearly unacceptable to users of process plant where
batch times, quality and efficiency are of high importance.

Fig. 11.5.3  Float-thermostatic trap with
combined steam lock release valve

Air vent capsule

Steam lock
release

Fig. 11.5.4  Standard float-thermostatic trap

Air vent capsule
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Group trapping
Group trapping describes the use of one trap serving more than one application. Figure 11.5.5
shows two batch processes (jacketed pans) operating at two different steam pressures with the
drain line from each connected to one steam trap. The higher pressure in plant B will allow
condensate from this vessel to drain but will stop condensate being discharged from plant A as
check valve C will be held closed. Plant A will waterlog and will suffer a severe drop in performance.

For this reason, group trapping of equipment operating at different pressures is not good practice.
But what if equipment operates at the same pressure? Consider the following installation shown
in Figure 11.5.6.

Fig. 11.5.5  Group trapping with different process pressures

0.5 bar g steam 3 bar g steam

Ball valve Ball valve

Air
vent

A B

C D

Check valves

Condensate

IFT14 float type steam trapStrainer

2 bar g steam

Air
vent

Ball
valve A B C

Condensate

Strainer

Fig. 11.5.6  Group trapping with same process pressures

1.8 bar g

D
Ball

valve
Ball

valve
Ball

valve

In Figure 11.5.6, the content of pan A is almost up to temperature and is condensing relatively
little steam. Pans B, C and D have just been filled with cold product and, as the steam is turned
on, their condensation rates are much higher than pan A. Consequently, the steam velocity along
these supply pipes is much higher, resulting in a higher pressure drop along each of the branch
lines. Lower steam pressures will exist at the pan inlets of B, C and D and in their steam jackets,
(due to B, C and D having a higher condensing rate than pan A) reducing their heating ability
and increasing their production times.

IFT14 float type
steam trap

Air
vent

1.9 bar g2 bar g

1.9 bar g 1.5 bar g 1.5 bar g 1.5 bar g
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Because of this, the pressures at the drain outlets of pans B, C and D are also lower than that
at pan A. Steam will flow from pan A via the condensate drain line to the other pans to equalise
the pressures, and the condensate from the other pans will have to flow against this steam
flow. When the drainage points of different vessels at different pressures are connected to
one trap, the vessel with the highest pressure (in this instance pan A) will impede the flow of
condensate from the others. Those vessels with the greatest need to discharge condensate (at
this instance pans B, C and D) will tend to waterlog. Hence, the condensate arrangement
shown in Figure 11.5.6 is unlikely to be satisfactory. The situation can be aggravated when
group-trapped processes have separate temperature control.

One possible application suitable for group trapping is an air handling unit with multiple heater
sections in series (Figure 11.5.7).

This 'flow' type application differs from the batch (or non-flow) process in Figure 11.5.6. The
heater sections will always share any load change as they are served by the same control valve. It
is important that the condensate drain connections and common pipework are generously
sized to allow adequate condensate flow in one direction against steam flow in the other. It will
only work where all sections are fed by one control valve and the same secondary fluid is being
heated by all sections.

The original reason for group trapping was that there used to be only one kind of steam trap. It
was the forerunner of the present day bucket trap, and was very large and expensive. Steam
traps today are considerably smaller and cost effective, allowing individual heat exchangers to be
properly drained. It is always better for steam using equipment to be trapped on an individual
basis rather than on a group basis.

In many instances it may be necessary to use a pump-trap on temperature controlled equipment,
to remove condensate properly.

Fig. 11.5.7  Three section air handling unit with one control valve

A B C
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Diffusers
With steam traps draining to atmosphere from open ended pipes, it is
possible to see the discharge of hot condensate. A certain amount of flash
steam will also be present relative to the condensate pressure before the
trap. This can present a hazard to passers by, but the risks can be minimised
by reducing the severity of the discharge. This may be achieved by fitting
a simple diffuser (Figure 11.5.8) to the end of the pipe (Figure 11.5.9)
which reduces the ferocity of discharge and sound. Typically, sound levels
can be reduced by up to 80%. Fig. 11.5.8  Diffuser

Fig. 11.5.9  Steam tracer line

Diffuser

Diffuser
Compact trapping station
with an inverted bucket trap

Special requirements

Vacuum drainage
Condensate removal from a steam space working under vacuum can be a problem. If a steam
trap is used, its outlet must be connected to a source of greater vacuum than that in the steam
space to ensure a constant differential pressure across the orifice to discharge the condensate.
Where this is not possible, a pressure powered pump can be used to drain condensate from the
plant (Figures 11.5.10 and 11.5.11).

Fig. 11.5.10  Pump draining vacuum system
to a high level return line

Fig. 11.5.11  Pump draining vacuum system
to a low level drain
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A soft seated check valve is recommended on the pump outlet where little or no lift is present,
and an air break will act as an anti-syphoning device when draining to a point below the pump.

Atmospheric pressure can be used as the motive force when draining below the pump
(Figure 11.5.11), but the outlet check valve should be positioned in a loop seal below the pump
to induce a minimum opening head (dependant on the type of check valve) and water seal.

Should the pump be draining condensate from a vacuum gas system then compressed air or
inert gas can be used as the motive force to drive the pump.

Steam trap drainage of temperature controlled processes
The steam trap is an automatic valve that relies on the system dynamics to provide flow.  It has to
rely on and react to external factors, such as steam pressure or static head pressure on the inlet
side of the trap. The outlet pressure must be lower than the inlet pressure to provide flow in the
correct direction. The rate of flow through any steam trap is therefore related to the differential
pressure across it.

It is also possible to have negative differential pressures across the trap, which would promote
reverse flow through it. When traps are installed to pass condensate into common return lines, it
is advisable to fit non-return valves after each trap to prevent reverse flow under negative pressure
conditions.

The occurrence of zero and negative differential pressure across steam traps is commonplace.
The effects are commonly seen with temperature controlled processes i.e. heater batteries,
calorifiers, jacketed pans, plate heat exchangers, in fact any process that has a control valve on
the steam supply. It can occur irrespective of steam supply pressure, and depends wholly on the
condensate system pressure and the steam pressure in the heat exchanger.

The term 'stall' describes this condition. Whenever it is predicted or diagnosed, another solution,
such as a pump-trap is required to remove the condensate from the heat exchanger.

The phenomenon is discussed in greater detail in Block 13 - 'Condensate removal'.

Fig. 11.5.12  Typical temperature controlled process
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Questions

1. Name the principle cause of waterhammer:

a| Water particles suspended in steam

b| Water allowed to build up in pipes

c| Water droplets carried along the insides of pipes

d| Wet steam passing through steam traps

2. What effect does dirt have on steam systems?

a| It clogs up control valves

b| It clogs up steam traps

c| It reduces heat transfer performance

d| All of the above

3. What effect does steam locking have on rotating machinery?

a| None at all

b| It reduces the drying rate of drying cylinders

c| It increases the drying rate of drying cylinders

d| It causes the steam trap to air bind

4. When can group trapping be used with success?

a| For multiple batch processes fed by the same steam pressure

b| For multiple batch processes fed by different steam pressures

c| For multiple air heater batteries fed by the same control valve

d| For heater batteries generally

5. What is the best method of draining a vacuum main?

a| A thermodynamic steam trap

b| A check valve fitted in reverse

c| A float trap fitted in conjunction with a check valve

d| A pressure powered pump

6. Name one method of reducing the effect of stall in a temperature controlled application:

a| Increase the size of the steam trap

b| Remove the steam trap altogether

c| Install a pump-trap

d| Increase the steam pressure onto the control valve

1: b, 2: d, 3: b, 4: c, 5: d, 6: c Answers



The Steam and Condensate Loop 11.5.11

Block 11  Steam Trapping Considerations for Selecting Steam Traps Module 11.5



The Steam and Condensate Loop11.5.12

Block 11  Steam Trapping Considerations for Selecting Steam Traps Module 11.5



�����������	
���	
�	�������� ������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


���������	

���������	���
�	�
��	�
�
�����	����������
���	�
���� ����
���
������
�	���������

��
��
��

��
��
��
�
�	


�
��
�
��

��
�	


�
�
��
��
��

��
�	

���
��
��

��
��
��
�
���

�



�����������	
���	
�	��������������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


���������	���
�	�
��

����
� � ��
���������
� � �����������������������

� � ��������������������������
� � ��������������  ��������� ��� ������!�!���� ���"�!�
� � #
��
������������� �����
�$�������������%�����!�����������
���� ���������
� � 	�������&���!�����
���!�������������������'���������
������!�������������!���������!�(������&������
� � ��������
�����
���!���!������������
����
� � )������$������������������� ���
��

�����	
���
�� ���� �� ��� �	 
�� ��

������ �	
��� ����� ���
����� �������

��� ������� ������
����������� �	
��� ������������ ��������������� �������� ���������� ���������

������������� ���������� �������������  ��!���
��
�����

����������	
�����
�������	������������ � ����"����

�������	����������� " � ��� �

�������	������	������� � ����"����

������������� ����"����

����	����� � ����"����


���������� � �������
� ������������������� " ����

������������ " ����

! ����"�������� " ����

#����������� � " ��������������	
���
� ��
$��������	�	�� ��������� �"� ����

����
������	
�����
% ������������������������ � � �"�

���	���
���������
����������
��� " ��� �

&�
�������� ��� " ����

' ����(����	�	����
��� " ��� � ����

&�
����
������� � " ����

' �����
���������)����������� � " ����

��	�������	
�����
*�������	������ � � �"�

+�������������������� � " ��� ���

# �(������
��� " �
&�
����������������� " ���



�����������	
���	
�	�������� ������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


�� ���� �� ��� �	 
�� ��
������ �	
��� ����� ���
����� �������

��� ������� ������

����������� �	
��� ������������ ��������������� �������� ���������� ���������
������������� ���������� �������������  ��!���

��
�����

�������
' ����	������	������
,	�������������������- � �"�

' ����	������	������
,������������������- ����"

����

#
���	������ � ��� " ��

����������	
�����
�������	����������� " � ��� �
�������	������������ � "
.������ "

+�� �������� �������� " ���

&������� ��"� ���

������(��� � ��� �"�

���"�����		��� �"� �
/��	�������0����������� �"� � ���

1 ��������� " �����	�������
� ���

����������
�����	
�����
����������� �"�

�������(�������� �"�

.�������	��������������	� " �� ��� ����

.������������
�������������(����� � " �

2��������������������(�������� �"�

!��������	�	������� � " ���

��������
��
3���� ������ ����������������� " ���

����)������� �� � " �
�� ���"�������
,������	���������- ��� � "

��	������� " � �
�������������������� " ��� �
#������������ � �"� ����

���������� ���
3�����������
,���������������	�	�- � � " ��� �

3�����������
,���������	�	�����(���- " ��� ���

�����������������������
,4 ����(�����- " ���

�����������������������
,���"�(�����- � "



�����������	
���	
�	��������������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


�
�����	���������
������
��������'����������������������������'����*�����������������+'����*$����"�!������� ��� +'����*,��������
���!,����
���+�

!���������" !��������� �����������
� !������� !
������
� �
�	
� �� �����
����
���
�� ����������
� #�"� �����	�� �$����
�� %	����

!�
�
��������"��
��
�� � ������

!�
�
��������"��
$�� � � �� �
!�
�
��������"��������� � ������

�����
���� ��� ������

��������� � ������

����������	
	������
���������	
�
���
�����	����
����������		�������������	������������
�
������	���������������
����� ���� 	��������� ��� ��
�� ����
���� ���	��������� ���� 	�������		��� 
	� �������� �����
������	��������	��
���������������������������
�	���
�����������	������������������	�
�
�
������
�����	�����	�
�������	�����
������
������������
��	�

�	
�	�����	
	������
 
����!!�"�!�	���	��������������		��������	���
���������
�
�����	������
�
����
��
���������
�����������		����
������#�
������	�	����$��
���	��������������
����������%�������!&'��
��	���
	�������������('��
����	��)����	�������
������������������������������
������	����������
�����
��������������
���������������������		���	���������
	��������������
���	��������������	��

��������

#
�&�''&(&'�����)�%�
�
����
��
������

������
���	
	������
*������������������
������	������
�
������	�
	�����	���������������		��������	���
���������
	��
���� �����
�
���������
�����
	�	����������
�����������!������������������������������������
��������
�������# 
����!!�"�($��*����
	��	������������������
������
�����������
	�������������

#
�&�''&(&*��������������

	
�������� �

������� ��������

���������������
��������

	
�������� �

������� ��������

���������������
��������



�����������	
���	
�	�������� ������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


�����	����������������
���
 
����!!�"�+�	���	����
�����������������
�
��������
�����
���	����
�������	��*�����������
�
����������	,

� *���	�����
�������	�������
������	������������
���������������������������		��������	���
�
����

� -������������������������	���������	
�
��������
���������������������������
��������	��
��
#��������������	��������	������		���������������������	������	$�

� *������	���
�
�����������������	�����������
�����	��	����������
������
����������	����
�������	��*�������	�	�����������������������
���	��������������
�����	��
�
	����

#
�&�''&(&+��,
����������
���� ��

�������

	
�������
�
�����

��������

��������

���
�
��������
��������
������

 
����!!�"�&�	���	����
����������������
������
����� 
��.������	��
�������	�����������������������
��		��������	���
��	�������������
���������
���
��������
	�����
���
���

#
�&�''&(&-��.
��������������

	
�������� �

������� ��������

���������������
��������

���������������
��������



�����������	
���	
�	��������������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


������
��������'����������������������������'
��*�����������������+'����*$����"�!������� ��� +'����*,��������
���!,����
���+'����*��������������� ���
�+�

!���������" !��������� �����������
� !������� !
������
� �
�	
� �� ���������
���
�� ����������
� #�"� �����	�� �$����
�� %	����
!	���������������� � ���

�
���������� � ���

	����)�������� � ���

��������
��� � � ��������������	
���
� �
/���������
��� ��������� ���� ���

��
�������������
/
��������������
�	����	�����
������	��������������������
�����
�	�����������	��������
���
�
������������� 
������
���
����
����������������	�� ������
������������� ������������
����
����0
��������	��
	�������������������������
�������������
���������
������������		
�	��

*�������	���������	� �������� 	����� ������
���	
1���	������ ����	�� 	�����	��
����
�����
�	
# 
���� !!�"�.$� 	����� ���		� ���� ������� ��� ���� ������ ���
��� 2�������2� �� 2�
���2� �����	
# 
����!!�"�"$��)�����	��	
����
��	���������
����	�����������������	��
	��
%��������������	
�����
����������3�����
	����������������������������
��������
�������������	����
	���������������
����	�������4�������������������	������������������
������	���������	�
	������
��
�������
���������	���
��������	�	������������
�������
�����
���	�
�� 
���	�!!�"�5�����!!�"�6�
�
������� ��
�� ����
����
��	� 
�� 
	��		���
��� �����������
��� 	���
���������������� 
	� 	��������
�������

0���� ��
�	� ��� 	�	����
���� ��� ����������� �	� ������
��� �������� ������	���� ������ ���

��������7����	�������
	��
������	�	��	���������
�	������	
������
��������	����������
�������
���
��
��� 	����� ������*��������� �����������	���
�� ���� 
	� ���
����� ����
��	������
��� �����	� ��
���������������
������	������	�����%���������
�������������������������������		��
���� 
	� �� ����� ���
���� )������ ��� ����		��� ��� ���� �����������	���
�� ���	� ��� ������� ����
���
�	���������������1
����*���
�������������������������
����	��������
�����������
�
�����
��������������������
�����������
�����	�������

���	�
���� ����
��

#
�&�''&(&0��
���������������"��
�����
�

�������

	
���������
�����	
���������
�����



�����������	
���	
�	�������� ������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


#
�&�''&(&(��
�������"�%�������������

�������

	
���������
�����

�	
��������������	�
*��	�����	
�����������
�	�����������%������	�����	����������������
����	
�
�����������
�������������	��-����	�����	���������
��
�
������������������	
�������������������
�����
����	
������������	���������
�����������1��������������	���
�����	����������	�����
���

#
�&�''&(&1������������
����
���������%������

�������

�����������
���������
�
����������

������

	
�������
�
�����

����
��

#
�&�''&(&2���������
�������)
����	��
"�������

�������

���

�������������
�����������
��

	
��������
��



�����������	
���	
�	�������������	

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


�������
	��
*���� �
��	�	������������������������ 
�������
���
������	��������������	�����������%����
(.�����	�
������������!'��������	���.'�����	�������������	
1�	����������������
�����
���
����������������		��������	���
�����
���������������������
�������)��
	���������������
	
���������	�������������������������������
�������������
��
	�����		��������		�������	����
	
	���������������
�������
1���������������������
���
��������
����	�����������	���������

����
���������
�����������������
	���	��������������������%�������
�	�������
������	
��������	��������������
��
����	������
�����������	�
��
	��������������������������������
�������������������
	��	�������
 
����!!�"�8�	���	���3�
�%�3����	�������
�����������
�������	��	��
�������
����������������
��
��������
������	�����	������

*��� �
	�� ���
��� 
	� ��� �	�� �� �����������	���
�� ����� )�� �%��	��� ��� ���� �������	�� 
�� 	������ ��

�	��������)��
	����������������	������������	���������������
	�����������
���
�����������
��
����
��������	����
	���
���������������
��������������������
��
��
	���������������������
�

	��
��������
�	�������		�����	������
���������������������
���������
��������	��������9���

�	������
�����������	�����������	������
�
��	�

#
�&�''&(&3��	����)�������

������

	
���������
�����

���
���

��

�����
�
��
��������������

�������

#
�&�''&(&'4����������������
��
	
���������
��������
���
�����

�������������������

������������

����

��
� �����
���������



�����������	
���	
�	�������� �����


�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


/
���
��� ���
��� 
	����������������	
����� 2�
�
���2�����������������	���� 
	��
	������� ��
��	���� �� �
������
�� ���� �� �� ��������� ��		��� �����	���
�� ���
��� ���� #
�� ���� ���	����
�����������
	����������$���������	����*�
	��
������	�����������������������	
���������	�
	������4�������
���
�
�������
���
	����	
������		���
����������������
���������������		��
������
	����
������	�����	�����	�����
����	����������	���

��������
��������������	�����
���	������������������	��������	��������		��
��	��������
��
�
���������	��������������
	�����	���
	�
���
��������������
������
����	��*��	�����	����

�� 
����!!�"�!!���������
�����
��	���	��������	�������
���
�����������	��
���
�������
	����
��
�����	��*��	�����������	�����������������
����������
���������������
���

#
�&�''&(&''�����
��������
�������
���
���)
���������������������������
�����

����

���������
��

����������

!�
���������

	
���
��������

"�#��������������
����������
�����
�

	
���������
�����
��
��
����
�����
������������

	
������������
�����������

	
�������
�
�������

����������	��
���������������������������������
	��
�
����#�����	������������������	��
�
�
���
�������
��
������
	��
��$����������������������
���
���
	�2�����2��
�����	�������������*�
	�����
���
���
	
������	����
��2	����2������	�

:���������
��	����������������	�������
���������������"���������	�����
�������������������
	���������	�����������������	
����������������		��������	���
�����
��������# 
����!!�"�!($�
����*;�����

#
�&�''&(&'*�����
����������5������)
���%�������������	�������

�������

!�
�������
�

	
���������
��������
���
�����

!�
�������������

�������

�����$����

	
��������
�� ���������������
����������



�����������	
���	
�	���������������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


)�� 
	������������
�������
���� ��� ��
����� ���&� ������	� ������������� 
�� 
	� 
�������� ��� ��
�� ���
������	����������������������������# 
����!!�"�!+$�	�����������	���������������	������������
������ ���� 
�������������� )�� 
	������ ���
���� 	
��������� ����������
��	� ��� �%��	��� ��� ���
�������	�� ����� ���� 	����� ���
�	� ��� ���� ����������
�� ���� �����������		��� ���	� ��� ���
��������������1
���

#
�&�''&(&'+������������������������
����%��)�����������
���5������

	
���������
������
�

������
������
�



�����������	
���	
�	�������� �������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


#
�&�''&(&'-������
�����	����� ��)
����
��������������	����

���
����

	
�������
��
�������
�

	
���
����

�������

�����
�����

������

%����
��

����

����
���

	��&��
�������

	
�������
��
�� $����

�!������
��������� �������������

�
����&��

	
����������
�����&��

	
�������
�
������
�

���������������
��
� �����
���������

������
�	���������
������
��������'����������������������������'����*,��������
���!,����
���+�

����
���
�� !���������" !��������� �����������
� !������� !
������
� �
�	
� �� �����
����������
� #�"� �����	�� �$����
�� %	����

�	����� ��
��������
�
���� � � ��

�����
�����������	
	��
*��� ��
�
��� ���� �
� ����
��� ��������� �
��� ������� 	��
�
	�	� 
	� ���� 
�������� ���� ���
�������������������	����
�	���������		�������
������
�������
�����������
���

 
����!!�"�!&�	���	��������������	����
����
���������	�������������������������
������	����
���������������*���	�����	����
�������������������	���������	����	���������
��������
�����������	���
������	����������
������������	������
���� ��������������������������		��
�����	���
�������
����������	��������	������������	���	����		�������/���������
�	���������
�����	���
�����������������������	��
���������������������
	�
����������	�
���
������������
�
���	�����
��������������		��)������	�����
�������������������
	�������������������������������
�
�������������������������������
����
�������������
����*�������������������
�����
����
�����������		��������	���
������	��
�����
��

/������ 	�	���	�� ����� 
	� ��� 
����	
��� ���
������ ��� �	�� ���� 	��
���		� 	����� �
������ ���
�
��
��	������������
���-�����������)������
�����	������	��)���������	�	����
	��
������
�����
�	�����+!"0�	��������	�



�����������	
���	
�	���������������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	


��������

�� �������	�
���������	�	�������	�������������������	��������������

�< 7����������		�������	 �

�< *���������
������	 �

�< )������������������	 �

�<  
%����
�
������
��	 �

�� �������������������	�������������������	�����������	����	�
������	���

�< *������	���������� �

�< *�����������
������	���
	��������
�������������	��� �

�< *����
	��	�����������������	���������
������ �

�< *����
����	����
��
�����		�	�������������������=	������
�� �

�� �����������������	������������	��������������������	�������	����	�

�< 4�
1������� �

�< >��
����� �

�<  ���
����
��������
���
������	��������� �

�<  ���
������
�	�������
���
������	��������� �

��  �
	�������	��	���
	������������	����������	����	����
�
������	�����	�����	��

�< ����������������	���������
�������	�� �

�< ?������������������	��������	��
�������	�������� �

�<  
��	��������	������+'������������
�� �

�<  
�����
����	������������������	������������
����������
��	 �

!� �����������
�����������������������	��	���	������������	����
	�������

�< *���	��
����
��������������	������	�����
������������	�����
�� �

�< *����������������������������		���������������� �

�< *������������������������������		����
��	�
������������	��� �

�< )��
	��������
�������
����������������
	 �

"� ������	���	�	����
�����������	�
�������	����������������������	��

�< )����	����������������
�	���
�����������
�������� �

�< *�������������������������������������
���������		��	 �

�< 7����	����������������������	����
�
��������
������	����
�	 �

�< /������	�������������������������	���������������� �

���������������	��
��������	����� ������



�����������	
���	
�	�������� �������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	




�����������	
���	
�	���������������

�������� ����������		
�� �����
������������	���������������
	�������
��������� �������������	
������
	�����������������	




��������	��
���
��
������� ������

�������� ��������	�

�� ����������������	�
����������	�����	��	� �������		
�

�������		
�
��������	
�����
����
�
����������
������

��
��

��
��

�	
	�

�
	
�

��
	

�	
	�

�	
�


��
�

��
��

��
��

�

��

��
��

��
��

�
�

��
�



�����������	
���	
�	��������������

�������� ����������		
�� �����
������������	�����������
�������� ���������	


��������	
������

����������� ����������
	
���������

��������
���������

������ ��������
����������� �
��������� �	�� �������� ��������� ������

 ������������� � �� �
!����"������ �� � ��

#��������������������� � �� � ��

!����"���������� � � ��

#�������������
� � ��

��$��"���
����

����������	
��
���������	
�����	�	
����	������������	������
�����������������	�
����������	� ����	���
����
��
�������	�	
�������
����

����	�
������������������	����������������������������������
�

�����
���
��������������	������������������
�������������
	��������������� �����������������������
�����������
�����	�
���	�����	��������
����

����	��	�������	��������
����

�����������	
�����������������������������
�����������������
��������

����������	
�����
��

��"%�&&%'%&�� ����������������������������������(��
�����������������


�	��������

���
��������	���	�������������

��	��������
���	�����������
�����	����������������������!��
���������
������"��
�����	�����	�	��������	���

��
��������#��
����������
��������
�������	
���������	��
��
�������	�
��������	����������
��������
����
�����������
���������������	����������
$
�����	
�
���
��������������������		����
�����%�

��� ������	�
�� �	� ���
��� ����� 
��� 
���� �	���� ����� ���		���� ������ ��
��������� ���� ������
&�
��������� �	� ������� ��� ����� ����	� ����		� ���� 	��
���	� ����� 
�����	� 
��� ������ ����
� ���� 
��
������	�
��
��������	�
���������������������	��������������
���	��������	��������
�����	�����	�
%��
���������������������
�������
�
���	������	��������������
����		����
���
���������	���
��
'	
��
$��'� 
�������������
��������	����������������	�����
���������		�
������		�����	����� �����
��
�� 
����

������ �
�� 
�� ������ ����� ����� 
�� 
���������	�
����������(����	��	����������
���
���������
�
����������
��
��������������) �



�����������	
���	
�	�������� ������

�������� ����������		
�� �����
������������	�����������
�������� ���������	


����������	
�
���
��

��"%�&&%'%)��*��������������"�������(��
������������������������

����������	
�
���
��

����
�����

�������������
���	
��
*+�����	�������
�$��������������	�����
���������
���	����
��
����������������	�����������	�
��������	��	������
���
�+
�������������
���
���
�����	
���	����
����������������������������
��	
�������
�����
����������	 �

(
�����
�������������������
�����	����	���������������	������������	���
���	�����		����
�
��������������������� �����������	������
��	�����������	����
����������������
�������������
��������&�����
��	�����������
�	
�����+�	
	�
�������������
���	��������	�����
������������

�������������,�
����������	����
��	�
�������������������
����	������
�����������������
��������
��
���������� %�� 
��	����	�	�� ����
$
�����	
�
��� 
���	���������������		���� 
�����	
�
��� 
���	
��
��	
�����		�	
����������
	�������	�����	���������	����������

�����
	����
�������������	����
�
��	����	���	���		����
��
����������
��������

&�����
������
����	����������	�	
	��������!��
�������	����������
��������
�����������	��
���
��
���
������
�����������	�
����
��
��������	���������������
���	�����
��������	���������	�������
������� 	
��
$��� 
���	�� ���� �

��� ��� 
��� ���
����� 	
��� ����
� ������� 	������ ��	�� �� �������
�������������- �

��"%�&&%'%+��#���������������������(��
����������
������������������
���������������


�	����

����������	
�����
��

���
��	�
�������	
�
��	���

���
��	�
�
�	�

��	���

�������




�����������	
���	
�	��������������

�������� ����������		
�� �����
������������	�����������
�������� ���������	


�
��
�����������	���
��
.��
��� ��
�
���� ��������	� ������������ ��� 	�!��� 	��������� ������	�
����������� ����������
	�
������������������	���� ��
������ 	����	���� ��+������ ��
�
���� 	����������	�� ���� ��

��� ���
����������		����
�����
�������	������������	������	���
���	��	����	����������$
�������	�	
���
�/�����
��������	������0����������1 �

2���� 	����� ��������	� ��
�� 	����	� ���� ��+��� 	�����	� 	������ �� 
������� ���� ���� ���
��
���������������������
����������

�������������
�����	�������	�	�������
$
�����	
�
���
������
�
	
��������������	���	
��������	���
����		������������
�����		���������������
���		���������������	
����	�
����
���������
���
��
���!!�������������
	�����	�����������
������	��������������������
���
������������
������
�����������
��	���#�����������	���
����		��������	���
��	�
����
���	
��������
�����	��������

3����	
����������	��
������	�����������������������
	�������$
�������	
����
���		�	
�
����������
������	�
����
���� 
��� ��������� ���� 
��� 	������ 
�������� ����
� 
���� ��
������ 	
���� ����� �����	�
�����
��������	���������������
	����������+
���������		���
��������������������������

�����	��
	�

��"%�&&%'%,��-��(����������������������"��(��
�����������
�������	
����



�	����

��������

�������


������

��

���	
�
�	�

���


�	����

��
	
���
��������

��
	��� ���
�!�
�
���"��������������

���	
�
�	��!�
�
�"
���	�����	��

��#
�������	
����


��"%�&&%'%.�� �"
����������������(��
����������������������������(��
���"
������



�����������	
���	
�	�������� ������

�������� ����������		
�� �����
������������	�����������
�������� ���������	


�������	���
�������������
�
������������4�	���	�����
�������������������
���
����������
�$���������
�+
����	�!������������

����	
�������������	���������
�����������	��	�����������������
�
��������
�������������
����

����
�
���	���
��	
��������������	��������
�����������	�����	�������
�����������
��	����
��������
	��
���
��	�����������������
�������
��
���!!��	�

����	�!���
���	��	���������
�����
�����������
�	
������5��
���������	
�����������������
����	�	

���	������	��������������
�������	��
����
������
�������
��������������	�����������������
������
$
�����	
�
���
����

��"%�&&%'%/��	�����������������������$��"���
��� �������	
����



�	����

���	
�
�	�
!�
���
�	�
���$�����	���%���	
�

�������	���
����	
��
����������
������������	�	������������		���������

�����������	������������������������	��������
� 
���	
��
�� �������� 	
���� ����� �����	�	� ���� ���� ���

���		�	�

%��
�����������	�������������
�������
�����������	�
�
�����������	��������
$
�����	
�
���
�����
�
����

��
��������������
��
�
���
������
������������

����	
��������
����������	��������	����������������
�����������
����������������� �

��"%�&&%'%'��#���������������������(��
�����������
�����������������������������"��
�����������

�������



�	����
�������	
����	���


�	����	���

���	
�
�	�

�������	
����




�����������	
���	
�	��������������

�������� ����������		
�� �����
������������	�����������
�������� ���������	


���������

�� ������	���
�����
��	�������������������������
���	�

�6 &�
�	
����	��������
��
������� �

6 ����������	
�������		������
��
������� �

�6 "�����	�
����	�
�����
���
���
���	
����
��� �

�6 ��������������������
��������
�������	
�������� �

�� �������������������
��	������������	������������������	�

�6 .������	
�������		�������
������� �

6 2���
������
��������	 �

�6 ,���������
��������	 �

�6 (���������
���

���
��
���
������
������
�����������	�
�����
�� �

�� ����������	����������������������
���	���������	����	�������������
������	�

�6 (�������

�������������
��������������
$
�����	
�
���
������

�����
��	
��������������	� �

6 &�
��������$
��� �

�6 &�
�����������������	�
��	�	
�� �

�6 &�
���������	�!���
�������������
��� �

 � �������������������
����		��������������������������������	�������
�������	�

�6 7�		�
���������	�
��
��������������5�	
�
���	
��������������	�����������	
������	
� �

6 ,�	
���
��
�����
������
�������	����
����	�����������������5�	
�
���	
��������������	� �

�6 (�5�	
�
���	
��������������	�������	�����
��������		������������ �

�6 (�5�	
�
���	
��������������	��
��
����������������	�
��� �

!� "������	�������������
������	�������������	�����������	�����������������������
�
���	�����������������
���	����

�6 ��
�
���
�������	�$��������
��
��������������
����5���
 �

6 ��
�
���
������
������+
���������		�
����5�	
�
������$
���������
� �

�6 ��
��������������
�
����
��������	��
������$
���������
� �

�6 ��
��������������		����	
����
������
������������
������������ �

#� ���
������������������	�������	��	������

�6 8���
������	
����
���	���������������������������
�
������������	 �

6 /�
�
������������	�������
�	�����������	
����������� �

�6 2
������	������
�����

���
������
�
���	��������������	
��������������	� �

�6 (������
	��������
����������������������
�������
�
���	��������	���������������
	
��
$���
���	� �

���������������	��
�������������� 	��
���



��������	��
���
��
������� ������

�������� ���������	�

�� �����������������������	�
���������	������	����� 	�
�������

�������		
�
��������	
�����
����
�
����������
�������

��
��

��
��

�	
	�

�
	
�

��
	

�	
	�

��
��

��
�	


�
��


��

��
���

��
��

��
��

��
�

���
�



�����������	
���	
�	��������������

�������� �����������		
�� ������������
������������	����������
����������� ��	
������

��������	

����������� ����������
	
���������

�������� ��������� ������ ��������
����������� �
��������� �	�� �������� ��������� ������

 ����������� � � ��

��������������������� � � �� ��

	����������� � �
!����������"���
���� � ��

��������	��

�

��������	
�������
����������
������
���
	���
�
	���������������
����
	����������������������
	�
�����
�������������
���
����
�
�����
�������������������������
��
	���
��������� �	���������������

��������	������
������
�	��������
!������������

�����������	
����������������������������
�����������������
��������������������	������������������������
��
���
��
����
����

����������	
�����
��"#�$$#%#$�� ��������������&��
��
���������������

����	
�����

����������

������
�����������

���	�����
������
�����	���	��������	������	�
����
�������������	��	�
���
	��
��������
��
������
�
�����
!��������������	�
������	��
���	��� �����������
����
����������
����������
	����
�����
 ��"������
��	������	���	��������
������"������� 
��������	����������
����������������
� 
�����
��
�	���������
�������	��
����
�
����

#����	��������	��������
���	�������	��
���������
����������
���
���	���	�������
�������
�	��	
	��
 ���� ��	����������		����	�� ������
��� ������������������� �������������� ��������� ��� ������
�	
���	����$���� �������� 
��� ���
�	��� ����� ��������
���� ��
��� ��� ���� ��	�� ��		����	�� ������ 
��
����� �	�
����� ����� ������� �����%�� ����� ���� ���
�� ��
��� ���� ���
�� ���"� ����
��� �
	���������
��������	
������
����
	�������������������������������������
�����	���
�����������	��
�
���������
��	���������������
���������	�����������������������
���	����
	��
����
	����
����
���	���
����&	
��������������
����
����
����
�� �������
�����"�����
����������������������
��������
��
�
	���
��������� ��������
���� ��
�� ��������	� 
	��	�
����� ��	�� 
�� ��
��� ������ 	� ����� ����������� �
�
�����	�������������������������������������
���������	
������
�� ����
	���
�����	��	��������
	

������������



�����������	
���	
�	�������� ������

�������� �����������		
�� ������������
������������	����������
����������� ��	
������

��������������������

����
�����
�����
������
	���������������������
��	���������������
������������� ����
����
����������
���
��
���������������'�����������	
������
����
	�
������������

��"#�$$#%#'���������������������������������������&��
������������������

���	�����

��"#�$$#%#(��!����������"���
����&��
�����������������
��
������������������������������

����

����

�����	�����	���

����	����	�������

������	�����
����	���

������	�������
����	���

�����������	���

�����������

����
�����
�����
������������������
�	������	��
����
����������
������
��������������	
������
��
�
	��������� ����
����
�
���
�����	��

����������	���

����������	���

�����������	���



�����������	
���	
�	��������������

�������� �����������		
�� ������������
������������	����������
����������� ��	
������


��		�	

����������� ����������
	
���������

�������� ��������� ������ ��������
������������� �
��������� �	�� �������� ��������� ������

)�������������������
� ���

*��������������������+
)�������������������

��������
*������������������+
	����������� � �� � ��

������	�������	��

�
��	������������������
�
����	��������������
��	���
�	
����������
�����������		�����	�����������
�����������
��	� ���
������	��	�
�������������� ��(���������������
�����
��	���������
�������� 	���
���������������)�
���� �����
����
�����
��	�������
������
���	�����*���������	�����+��������
���	�+�
��
	����	�
��� 	��	�������������,��
	�����������������
���	������
���� �����
�	������
� ��������	
���
��
�����������
�������
��������
�	�	���	������
����
��	��
���
�����
��	��
��
����
���������
�����
��
��
���������������
�����	���
���	����������-��������	���
������������� ������		�����	�������
 ���������	
����
�"�����������
������������������
	����������
������������
����
�������������������
������
�������	��������
� 
����������
����
���

�����������	
����������������������������
�����������������
�����������������
��
���
��
����
����

��"#�$$#%#,��-���������������������������

����	��

����	
�����	����� ������	�����

��"#�$$#%#.��-�������"������������

����	��

����	
�����	�����
������	�����

���	����



�����������	
���	
�	�������� ������

�������� �����������		
�� ������������
������������	����������
����������� ��	
������

������������	
������
�����
������� �����
	�������!������ 
����
����� ��������
����������
 ���� ����� �������� ������ ���� ��� ���� ������ ����	� ������� �	� ���� ���!����� ���
��
	�� ��	��	�
��
��		�����	���.� ��������������
���������������������������
���	��	������
������	����
����������
���
��
����
	��������������
�����
��
	�
�������������
	�
�����	���	��
�
�����
���	��������
��
���	
������������/�

������	������	��

�
��
����
�����������
�
����� �
����� ��� 
������ ����
�	� ��� �
��� 
���� ���"���� ���� ��� ���� ����	�� 
	�� ���� ��� ���� ���
��	��	�
��������������
����
��	�� ���������� �������������
��	������
����������
��������
������
�
�������������/�� ����� ���������������������	��	�
�����������
�����
��	���������
��
����� �
���� ��������	
���� ��
�� ����
	�
��� ��	�� ������� �	�
����
���
���	�� ���� ��
������
	� �	������
���"�����
���
	�
��������������������
������������������������������
�	���
	������
�����
	

��
	�
����������
����
�
������������������	����

��"#�$$#%#/��)������������&��
�������������������

��	����������
�����

����	��
�� �	�����

���	����

���������	�����

����	 ������
���	 ���������



�����������	
���	
�	��������������

�������� �����������		
�� ������������
������������	����������
����������� ��	
������

�����	��

�

$����������
�������	�����	��
������
�����
�����+����+��������0�	��	�
�������������������
����
������
	��������������������������
�������
����1������	������������	�����
�����
�����������������
���
����	���	
������������������+��
����+�����	����������	��������������������������
����������������
���
�������������������
������������������������������ ��������!��	������	���
�������
�
	���
��������� ��
��� ����� ��� ����� ���� ����� �������� ���� ���
����������
���� 
	�� ��������	
���� ��
��
�������������2���
	�
��������������������	�������*���"�
���	���
�����
�������������	����������������
���	��	����������"�����
����
������������������������	���	3�	����	� �������
�
���
�����	���

��"#�$$#%#0��	����������&��
��
����������������*�����������������
�&�+

����������	������

����������
������



�����������	
���	
�	�������� �����	

�������� �����������		
�� ������������
������������	����������
����������� ��	
������

���������

�� �������	�
���	���������������������������������	���������	������


4 ������������
���
�����������
�	��	
	�� �

�4 �������������
�����"�	� �

�4 5�
�������
����
	�������� �

�4 ��������������	���������
�����	�� �

�� ���	�����������	�����������������������������������	���������	��


4 &	��������
���	�������������� �

�4 �	���������������������� �

�4 6���������	�����������
 
��������������
���	��� �

�4 ������	���	�����
����������
�����	����	��
��	�������� �

�� ����������	���������	�	������������������ ������	�
��������������


4 ���
����
���������� ����5��
��7��"�8���
�� �

�4 ��������	
������
��� �����	���	
��
�����	�� �

�4 9
�
	���������������
�� �

�4 �	����������"�����
�� �

!� ������������������	�
��������������	����
������
	������


4 (��	�������	��	�
�����������������
�����������
���	�����	� �

�4 (��	��������������������
�������	������� �

�4 (��	���������	
������
���
���	���
�
��
��� �

�4 (��	����
�����"�	������������� �

"� #���	��
��	�

���
	������� �����������	�������������������������������������
�������������


4 ������	��	�
����
	����������������"����
��������
���������� �

�4 �������
����
����������
����
����
�� �������
�����"�����
�� �

�4 :���
���	����������-�����	��	�
����
	������ ����
	�
�����	���	���� �

�4 :���
�����-�	�
����	��	�
����
	����� �

$� ���������������� �������������������	���


4 $
���	����������
������
������
���������
���	��
��
	����	� �

�4 5��
�����	���������	��������
	�	���
���	�� �

�4 ������������	
������
������	
��������
	����������
��	����	��	�
�����
�� �

�4 ������������
	�������	������
�����������	����
	���
��	�������� �

�����������������	��
����������� 	��
���



�����������	
���	
�	��������������

�������� �����������		
�� ������������
������������	����������
����������� ��	
������



��������	��
���
��
������� ������

�������� ��������	�

�� ����������������	�
�����	����������
���� �������		
�

�������		
�
��������	
�����
����
�
�������
���������

��
��

��
��

�	
	�

�
	
�

��
	

�	
	�

�	
�


��
�

��
��

��
��

�

��

��
��

��
��

�
�

��
�



�����������	
���	
�	��������������

�������� ����������		
�� �����
������������	���������������
	���� ���������	


���������	
�����

����������� ����������
	
���������

�������� ��������� ������ ��������
����������� �
��������� �	�� �������� ��������� ������

������ ������������� � � �� �
������ �������������� � �
!������ �
��������������������� � ��

"� ������ ��� ��

#��������� � �� ���

���$�� �������� ��� �
%���������� ��� � ��

&���������� � �����������	
�� ��

���������	�
���
�
�������� ��	
	������� ��������� 	������� 	������	��� ���� ����	��� ���	��� ��������������	�
��� ���
����
���
�����������������������	����������������	��
��������	�
��� �����	���������������	����
���������������	
	��������������������������������

���	�����������	�	����������
�����	�����
�����������	���	��
������������	���������	����������	�������������	������������������������	�
�������	��
��������������
��	����������������
������	������	����	��
���������������	������
����	�������	�	����������
��� ����������	������	������	���
����	��������!�������	

�����������	����
	������	�������	��
��������	�������������	�
�����	�	��������	�	���	������

�������������	��

"	�����##�$�#����������
��� ����������	�������	������
����������������	���	�������������������	�
������������������
��
������	������	��
��
���������������
���	���
�����������������������	��������
��������������	������	�������	��������������������������������	�������������	����������	���
%�
������������������������	������������
�����������������

������������������	����������
��
���������
	���
���

�����������	
�����������������������������
�����������������
��������������
��������		�
���������������
��
���
��
����
����

�� '�((')'(�������������� �����$��
��������
������������������

��������

	
������������������������

��������������������



�����������	
���	
�	�������� ������

�������� ����������		
�� �����
������������	���������������
	���� ���������	


	
���������������� ����
�����������
������
����

�� '�((')'*��	����� ����������������$��
����
�������������������������

��������

�������
&�����������������

��
����������
��	������	������������	��
���������������	����������	����	��
��
��	��
��
�����������������

'������
�����
�����������	����������	������	������
����	���������������
������������	������
����������������������������������������������(�������������	���
������	��	���	��
�����������������


�����	�����������������	����������������
�����������������������������'��
��� ����������	�
����)�	���	���	���	
���	������*�	��	���
������	�

���������	�����	
	����������
�������
������������������
�����
��	��
��
�����������

"	�����##�$�+������������������������������������������������	���������������������������
���������������	����������������	������
��	����������	�������������
��� ����������	�����
�	���������
������
�����

��	��
�����������
�
'� ����������� �

� �	
�	�� ���� !������������ )"	�����##�$�+*� 	�� ����� ������ 
���	�������	�	�������
�
����������������������
������������	���	���������������������������	����������������������
���������������	�	�������������������������������!����������������
��������	������	���	�	���������
�	

���	�����������������������������������	���
�������������
�	��������������������������
���
���������������	���	�����������������������������������
������
�������������

��������������������!�����������������������	�	���
��	��������������!�������	

�	����������� �
�	����

��������������������



�����������	
���	
�	��������������

�������� ����������		
�� �����
������������	���������������
	���� ���������	


(���������
������������������	��������
�������������
��������

������	��	���������������������
�������������	

���

������
�	���	�����������	
������������������	�
���	������������������	����
�����
���������	�����������������������������������������������������	�	���
��	�����������������������
)"	�����##�$�,*�

	
������������������������

�����������
�����������

������������������
�����������������

����������

�
���������
��������
��

��������
��

�� '�((')'+����$��������������������������� 

�
������	�����	���
"	����� ##�$�-� ������ ��� �
������	���������� ��� ����	��� �� 
����� �����
���� ��	��� �� ��
� ���	��
�����������������
������
���������	����	��������.�����������	�������
	������
���������������
�	������������������	���
����
����������������

��������

�� '�((')',��-��������������$��
���� ������������ ����������.�������������������/

������������������� ������� �������������������

����������������������������
������������
��������

����

��������������������

����������
�



�����������	
���	
�	�������� ������

�������� ����������		
�� �����
������������	���������������
	���� ���������	


���������
/����	�����	���������������!��������	����	

������

�����	���������� �������������	�
�����	�	��
������������	������������������	�������	��
����������������������!������������	����������

� ���
��
���������������	�������������������������!������)"	�����##�$�0*����������� 1��1� 	�
�����	�����
������ ����� ���� �������� ��� �

� ������ ���	�� ���� !�������	��� �
��� ����������	�� ������ ��� ������
�����������	��������������	�
���
������	�����������	�	���
��	������	����	

�����

���������	����
.�����������
��	�������������	��	���	������
��� ����������	��������	���������������
������
�����

�� '�((')'0������������������ �����

��������������

��������������

��������
�����
�����

������	���
������	���
������ ���� ����� 	������� 	������	��� ���� ����	�	���� ������� ���	��
��� ���� �� ��	��
� �
	���	��
���
�������� ���� �	��
� ���	��� ����	������ �� ��������	�������	��� )"	����� ##�$�2*��/��
����� ��
��������������������������	���������������������������
����������������	��	����	����������	�������
"
��� ����������	�� ��� ��
������ �������� ����� ���� ����� ��	���� ��� ��	�� �
	���	���� ��	
��
�����������	��������
���������������������
��
������	���

3�����

�������������
������������������������������������
��������������������	����������
�������������������������)�����	�*��������������	����������������������������������	�������	��
���������������������	���	

�����
��	��
���������� ���	��������������������������������������
����	����� '�� 	�������������� 	�� ��� ����� �������	�� ����� ����	��� 	��	�	���

��� "	����� ##�$�2
��������
������������������������	���������������	�������	�������������

����	���
�����������
���
���

�� '�((')'1��#���������$��
����������������������������

�������������

��������

��������������

����
����



�����������	
���	
�	��������������

�������� ����������		
�� �����
������������	���������������
	���� ���������	


�����
�����������
�������������	�
	���������������������������	�	������	�
�����	�����	����������	������

����
	��
�������
�������1����1�����������	��������������������������������������������������	
��

�����	����������	�	
	�������	�	������������������	������
	����
�����������1����1��	

�������
���������������	�����	
��
��

�����������	
�	����������	������	������
��� ����������	�������	������
��������������
��������������
������������
���������������������	�
�����������������	����������������������	�������	�����
�����
�����	��������������	����

���������	�������	��������	�������	�������	�������������
�
�������
	������������������	���
���������

��������
	����������	���
����������
��� ����������	�����
	��	���

����	���������	�������

'	������	���	���������
��	�������������������	�����������������������������

������	��	���	��������
�������� ���� ����������� ���
���� ���	�	���
� �	�� ����	��� ����	����	

� ��� ��� �����������4�	��
����
�������������� �	�� ����� �	����� ������� ���� �����	

����	�	��� ����������	��� ��� ����� �
)"	�����##�$�5*�

�����	����� ���� 	�����������	������ ������������	

��������	�� �����

�������������������	���� 	�
��	�����������������	������	����	

��������������

�� '�((')'2�����$�� �3������3

�������������
������

�������������
������

���������������

��������

����� ������� ��������  �
!
���������������� ����
�
��� �"�����
� ���� ����

�������������
������

������������	
�����
�������	���
6����������������	��
��	�����	����������������������	�

��	��
�������������������������������
��� ����� �� ������� �
�	��� ���� ������������� 	�� ����

�� ��� ���� ���	7����
� ����� ���� ������ 	�
"	�����##�$�8��9���	��
� �����������
��������� ���� ������������������������� 	���� ��
����	����� �
��������������	�������������	��������������:�
����	�����������	��	���������������������������
�������
� ������� ��� �� ����	
������� ��� ������ �	�	
��� ����	�����	���� �
�� 	�� �

� ������ ������
�����������	����������������	��������1����� �1�������������	
	���������������������������������
	���	��
�����

��	�����������������������������

����

�������������
	����
����������	���������
����
���	���������

�����
��� ����������	������	��������������	������������
������	������
�������������������������	�
�	���� ��� ��	�� 	�� ���� ���	�
��� ���� ���� �
��� ����������	�� �����	��� ������ 
���� ��
������ 
���� 	�
���������������������
��	�������	����������

���� 	�������� ������� ���� 	�� ��� �
������	�������� ��������������� ���� ����� �	���� ��� �������
������������	����������'���	�������������	���
����������������	�����	��������������



�����������	
���	
�	�������� �����	

�������� ����������		
�� �����
������������	���������������
	���� ���������	


.	��� �������������� ������ ������� 	���������� ���	�	���
� �	�� ����	���� �������	�	��� ���� �	�
����	��������
�	 ���������������������������
	���������������������������������������������
����������������������������	�
�����������������������������	
	�	����������	���� �����
��������������������
������������	����'
�������������������	���������	�	�����	�����	�����

�� '�((')'4��%���������

��������

#���������
��������

	
���������������
����

#����������

������

��	�
�����
:����������������������������������������	�	������	���	��������	�����������������'��
��� 
����������	������	����	

�������������	����������	��������������������	��������������	�������	�
���

�
��.�	�������	����������	������
�����������	�
��������
����������	���������	������	���������
������	�����������:����������������������������������������������	���	�����������������	��
�������������	

�������������
����������
��
��

���������������������������������������������������	���������������������	������������	���
���

����������	���������������������������

�����	��	��)���������*����������;��	�	�����������	��
���� !������ 	�����������	������������'� �
��� ����������	�� ��������
����������� ����������	�����
���	�	���
��	��������	������������������	�
�����������������	�
���

�� '�((')')��&���������

���������$�����

���� �������

������$�����

������������
���� ��
����$�����

�
����

��������������� ��

�����������!����$�������������������������� ����������� !���
���� �����������

�������������
������



�����������	
���	
�	�������������


�������� ����������		
�� �����
������������	���������������
	���� ���������	


���������

�� �������	�
���	��������������
�������������������
��������	�

����
�������������������

�����

�< ���������������
	����	���������������������� �

�< ���������������
	���������	��������������������	������������������� �

�< ���������������������	������	�����1���� �� �����1�����������	������
� �

�< �����������������	�������������
���������
	���
�� �

�� ��������������������
�����	�

�����������
�������������������

�< (������������	�
���������������
 �

�< '�������������������������
 �

�< '�����	��������������������������������	�
����������	7����
����	� �

�< ���	��������������������	���	�����������!��������������������
� �

�� ����������
��
����������		���	������	���������	�����������
����������

�< �	
�	��������������
�������������� �

�< �	
�	�������������
�����	������������������	�������	
�	�����	�	�� �

�< �	
�	�����������������������������
���	�������	�	��� �

�< ������	������	��������������������� �

 � ���
�������������������������������
��
�����������
�������
��������

�< '	����������	�������
����������������
 �

�< .�����������
	���������������
 �

�< ;�����������
	���������������
 �

�< ������
���	���������	����������
������������������	��
	��� �

!� ���������������
���
����������
�����������������������������

�< (��������������
��
	���������������
�����������������
���
�� �

�< (�������������������������������
����	�������������	�
�� �

�< '������	���	���������������������������������������
� �

�< (��������������������	��
����
�	������������������������� �

"� �������	�
���	���������
�
����
�����
����

�< �	
�	�����	
	��������������������

��������������������
���	�� �

�< &�����������
����������	��������������������	����������� �

�< %���	�������������
������������������ ����������������	�� �

�< :�����������������
���	��������������������������� �

������������������	��
����������� 	��
���



The Steam and Condensate Loop 11.10.1
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The Steam and Condensate Loop11.10.2

Block 11  Steam Trapping Selecting Steam Traps - Space Heating Equipment   Module 11.10

Space Heating Equipment

Ball float- Ball float
Thermodynamic

Balanced Bimetallic Liquid Inverted
Application thermostatic FT-C pressure expansion bucket

Calorifiers  A4

Heater batteries  A4

Radiant panels
and strips A B1 B1 B1

Radiators and
convection cabinets B A B

Unit heaters
and air batteries  A4

Overhead pipe coils B A B1

Heat exchangers draining to atmospheric pressure
The trap for this application must be able to handle a very heavy or very light load equally well,
and be able to purge air quickly. The float-thermostatic trap is ideal and should always be installed
below the outlet of the heat exchanger. Figure 11.10.1 shows a float-thermostatic trap  with no
backpressure imposed by the condensate system, such as would be found if condensate were
draining to a receiver vented to atmosphere, or to a lower, non-flooded condensate return line.

Whenever the output of the heater is controlled, the effect is to reduce the pressure in the steam
space, which may then become insufficient to push the condensate through the trap, and the
system is said to have 'stalled'. The pressure will reduce to below atmospheric pressure (i.e.
vacuum) if the secondary water temperature is controlled to below 100°C. Vacuum retains the
condensate which waterlogs the heater tubes. This can cause waterhammer, poor temperature
control and, in most cases, eventual corrosion of the heater elements.

A - Best choice,    B - Acceptable alternative,  1 (parallel air vent),  4 (a pump /trap may be required).

Fig. 11.10.1  Shell and tube heat exchanger with float-thermostatic steam trap

Secondary flow

Shell and tube heat exchanger

Vacuum
breaker

Steam in

Secondary
return

Temperature
control
system

Static head 'h'

Condensate out to atmosphere

On smaller heat exchangers which drain to atmosphere, a simple remedy is to install a vacuum
breaker on the steam inlet to the heat exchanger (see Figure 11.10.1). When vacuum occurs in
the steam space, the vacuum breaker opens to allow the condensate to drain down to the steam
trap.

The trap itself must be placed below the exchanger outlet, and must be sized to pass the condensate
stall load on the static head 'h' (created by the height of the outlet above the trap inlet). The
condensate pipe from the trap should slope downwards so that no further backpressure is exerted
on the trap.
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Block 11  Steam Trapping Selecting Steam Traps - Space Heating Equipment   Module 11.10

Heat exchangers draining to a positive pressure
Often, and especially on larger plant, it is usually preferable not to introduce air into the steam
space, and the use of a vacuum breaker may not be tolerated. Also, if the condensate lifts after
the steam trap up to a higher level, a vacuum breaker cannot assist drainage. In these situations,
a pump-trap or pump/trap combination should be used.

If stall is inevitable and a vacuum breaker cannot be used, an active method of condensate
removal must be used to give good system performance. A pump-trap (as shown in
Figure 11.10.2), will perform as a steam trap if there is sufficient steam pressure in the steam
space to overcome the backpressure. If there is not, it will act as a pump. The device is fully
self-contained and automatic in its operation.

Fig. 11.10.2  Shell and tube heat exchanger with pump-trap arrangement

Steam in

Condensate from heater to APT

Controller

Control valve

Secondary flow

Air vent

Balance line

Motive
steam line

to pump

The pump-trap is also extremely useful where restricted space exists below the heater, for example
on air handling units which are often positioned close to the plant room floor. Figure 11.10.3
shows an example draining single and multi-heater batteries to avoid both freezing and corrosion
of the coils.

When a pump-trap arrangement is used, condensate will always be removed from the heater
under all pressure conditions, ensuring maximum system efficiency at all times, with no escape
of flash steam in the plant room.

Fig. 11.10.3  Automatic pump traps on heater batteries with low suction heads
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Where plant capacity is too large for the pump-trap, it can be replaced by a separate pump and
steam trap in combination,  such as that shown in Figure 11.10.4. A pressure powered pump is
dedicated to a single heater, connected so that the pump chamber, piping, and the steam side of
the heater tubes form a common steam space. When the steam pressure is sufficiently high,
condensate flows from the steam space and through the pump body and steam trap into the
condensate system. When the pressure is lowered as the control valve throttles, condensate fills
the pump chamber till full. When the pump chamber is full, a mechanism triggers allowing
'motive' steam to enter the chamber. This pushes condensate out of the chamber and away
through the trap.

The pump exhaust line is connected to a reservoir and acts as a balance pipe when the pump is
filling. The small amount of exhaust steam is then contained within the system, and pumping
occurs with no waste of steam to atmosphere. The system will be energy efficient, and the plant
room will be free from flash steam.

If it can be guaranteed that the condensate pressure will always be higher than the steam pressure
in the steam space, a trap does not need to be installed with the pump.

Further details on the subject of condensate drainage from temperature controlled heat exchangers
can be found in Block 13, 'Condensate Removal'.

Fig. 11.10.4  Shell and tube heat exchanger with pump and trap arrangement
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Condensate

Radiant panels and strips
Heat output depends on high surface temperature, consequently prompt condensate removal is
vital. Best results are achieved by trapping each panel individually with a float trap which handles
air and condensate quickly (Figure 11.10.5). Grouping two similar panels to one trap is often
satisfactory. Thermodynamic or inverted bucket traps can also be used, but supplementary air
vents may be necessary.

Steam radiators
For the standard type of steam radiator which normally operates at pressures below 2 bar g,
a balanced pressure thermostatic steam trap, with union inlet may be used, as shown in
Figure 11.10.6. A strainer may not be needed as the radiator collects dirt and can be blown
through once a year after temporarily removing the trap capsule. When replacing the capsule, it
is useful to ensure the valve and seat faces are clean.

If, however, it is preferred to incorporate a strainer, a balanced pressure trap with strainer is a
useful alternative (Figure 11.10.7). In some installations, this type of heater is used in conjunction
with a vacuum return system, in which case a special sub-cooled capsule is available.

Fig. 11.10.6  Steam radiator

Condensate Condensate

Fig. 11.10.5  Radient panel with float-thermostatic steam trap set

Fig. 11.10.7  Steam convector
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Condensate

Fig. 11.10.8  Convection cabinet fan heater with balanced pressure trap

Convection cabinet fan heaters
Although these heaters have a small steam space and condensate must not be allowed to build
up, design factors call for a neat layout. A balanced pressure trap can provide this, as shown in
Figure 11.10.8. If, however, the cabinet is of the forced draught design (with inbuilt fan), the
higher duty requires that the steam space should be kept clear of condensate and air. A float trap
is ideal but fitting it neatly inside the cabinet may present a problem. A satisfactory alternative is
a balanced pressure trap, as Figure 11.10.8 illustrates, to allow a maximum length of cooling leg.

Unit heaters and air heater batteries
Unit heaters and air heater batteries produce a lot of condensate from a small steam space.
Any accumulation of condensate or air produces uneven temperatures or cold air and may
eventually damage the heater battery. Use a small float-thermostatic trap close to the inlet
(Figure 11.10.9).

With horizontal batteries such as those used in down-draught heaters, any reduction in the
condensate outlet pipe must be made using an eccentric reducer. This will stop condensate
backing up in the coils. The trap should be fitted below the outlet as in Figure 11.10.10. Condensate
clearance can be improved by fitting the heater battery with a slight fall towards the outlet end.

Condensate

Fig. 11.10.9  Unit heater with float trap
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Where a number of vertical heater batteries are installed in series with the air flow, successive
sections do progressively less work and produce progressively less condensate. Each section should
be drained separately with a float trap (Figure 11.10.11). If a float trap is not used, the inverted
bucket trap is a possible alternative, but with an air vent fitted in parallel.

When higher pressure steam is used in a multi-heater bank system, savings can be achieved by
collecting the condensate, separating the flash steam and using it to heat the first heater section
in the bank. When the heater batteries are temperature controlled, stall conditions can occur in
the steam spaces preventing efficient condensate removal. A Spirax Sarco vacuum breaker should
be fitted to the pipework between the control valve and the heater battery inlet, and the condensate
pipework must be allowed to fall to a collecting point i.e. a receiver vented to atmosphere. The
float trap must be sized on the stall load. The subject of stall is considered in detail in Block 12.

Fig. 11.10.10  Down-draught heater with float trap

Condensate

Steam in

Condensate from each heater battery
is drained separately by float traps

Fig. 11.10.11  Multi-bank heater batteries with float traps
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Overhead pipe coils
Long overhead heating pipes, like industrial drying coils, will produce waterhammer if insufficient
attention is given to installation. Heat will circulate slowly and temperature control will be difficult.
Relaying the pipework as in Figure 11.10.12, using balanced pressure traps with stainless steel
capsules, or with float or inverted bucket traps will eliminate these problems. With inverted
bucket traps, warm-up speed can be greatly improved by fitting separate air vents, especially on
the end of the coil (Figure 11.10.13).

Fig. 11.10.12  Overhead pipe coil

Steam
Relay point

Condensate

Fig. 11.10.13  Inverted bucket trap with air vent

Steam

Condensate

Air vent
(drain to a safe place)
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Questions

1. If vacuum occurs in a temperature controlled plant...

a| The plant must be supplied with higher pressure steam

b| Pump-traps can be fitted to ensure proper condensate drainage

c| A vacuum breaker must always be fitted to the steam trap inlet pipework

d| Vacuum cannot occur in any steam supplied plant

2. If a pump and trap are used in combination to drain a temperature controlled heat
exchanger...

a| The trap must be fitted close-coupled to the exchanger outlet

b| The pump and trap must be the same size

c| The trap must be fitted to the pump outlet

d| The trap must be fitted to the pump inlet

3. A heat exchanger has atmospheric backpressure at the trap outlet. If stall conditions
occur, which of the following applies?

a| A pressure powered pump need not be fitted

b| A vacuum breaker should be installed on the steam inlet pipe

c| A float trap can be sized on the static head pressure available above it

d| All of the above

4. If a pump-trap is used to drain a heater battery...

a| A vacuum breaker should be fitted to the battery inlet pipe

b| A vacuum breaker should not be fitted to the battery inlet pipe

c| The pump-trap must be close-coupled to the battery outlet

d| A vacuum breaker must be fitted to the battery outlet pipe

5. If backpressure will always be higher than the steam space pressure...

a| A pump-trap must be fitted

b| A pump and trap combination must be fitted

c| A pump only will need to be fitted

d| The steam pressure before the control valve must be increased

6. Which of the following statements is true? Stall cannot occur if...

a| The control valve is oversized

b| Condensate drains down to a vented receiver

c| The set point is higher than 100oC

d| The steam space pressure is always greater than the backpressure

1: b, 2: c, 3: d, 4: b, 5: c, 6: d Answers
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Steam Mains

Ball float- Ball float
Thermodynamic

Balanced
Bimetallic

Liquid Inverted
Application thermostatic FT-C pressure expansion bucket

Pressure reducing
valve station A B5

Horizontal runs B  A B
Shutdown drain
(frost protection) B3 B A

Separators A B B
Steam header drainage A   B6 B
Terminal ends B   A1   B1

Steam mains
Steam mains carry water droplets in suspension in the steam, as well as a layer of condensate
and air on the wall of the pipe. Both the air and water must be removed for maximum plant
output. Steam traps should discharge into adequately sized condensate lines, falling towards a
vented receiver. Because condensate return lines often run alongside steam mains, there is a
temptation to connect into them the discharges from the traps draining the main. If the condensate
returns are flooded, as they often are, severe waterhammer will result. This is undesirable if the
traps are of the blast discharge type, and the practice of discharging into flooded lines should be
avoided to deter waterhammer.

The condensate loads associated with mains drainage are relatively small hence a low capacity
thermodynamic trap is more suitable. Thermodynamic traps are very robust and offer long life
and efficient operation in exposed conditions.

Horizontal runs
Horizontal runs must not be drained through a small pipe connection in the bottom of the
pipe. Use a properly sized pocket into which fast moving condensate can fall - as shown in
Figure 11.11.1.

A - Best choice,  B - Acceptable alternative,
1 (parallel air vent),  3 (with cooling leg),  5 (near-to-steam capsule),  6 (anti-air-binding disc).

Fig. 11.11.1  Mains drainage with parallel shutdown drain

Steam main

Cold condensate to waste

Hot condensate to return
Fixed temperature

discharge trap

Thermodynamic trap
with in-built sensor
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Drain pocket dimensions
Typical recommended drain pocket dimensions, relative to steam main pipe sizes are given in
Table 11.11.1.

Table 11.11.1 Drain pocket dimensions
Mains diameter - D Pocket diameter - d1 Pocket depth - d2

Up to 100 mm nb d1 = D Minimum d2 = 100 mm
125 - 200 mm nb d1 = 100 mm Minimum d2 = 150 mm

250 mm and above d1   D / 2 Minimum d2 = D

Steam main

Condensate return

Separators
Separators are normally fitted line size. A separator will remove the suspended droplets as well as
the condensate layer and provide drier steam for heating and processes (Figure 11.11.2). As it is
essential to clear condensate as it forms, the first choice is a float-thermostatic trap. Alternatively,
the inverted bucket trap could be used with a separate air vent as in Figure 11.11.4. The third
alternative, the thermodynamic trap, is ideal for outside mains in exposed conditions, as it will
not be damaged by freezing.

Float trap with
in-built sensor

Fig. 11.11.2  Various separator configurations

Condensate drains

Steam branch line

Steam supply line

Float trap

Thermodynamic trap

Float trap

Steam D

d22222
d11111
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Steam header drainage
Steam headers should be drained in a similar way to steam mains, with a pocket suitably placed
along the bottom of the manifold. A slight fall towards the end which houses the drain pocket
assists drainage. Headers longer than 5 m may benefit from a drain pocket at either end. Float
traps are best suited to handling fluctuating condensate loads. If headers situated close to boilers
are susceptible to carryover, thermodynamic traps with anti-air-binding discs are good alternatives.
Note: The drain pocket should be sized as per Table 11.11.1. The distribution header diameter
should be sized on a steam velocity of 10-15 m/s, for the maximum incoming steam load.

Terminal ends
Terminal or 'dead' ends are inherently more susceptible to waterhammer than horizontal runs
because of their position in the pipework. Air will also tend to collect at these positions at
start-up as steam will push any air in its path to the furthest point in the system. It is sensible
therefore to position a steam trap and air vent here.

A 'Tee' piece, shown in Figure 11.11.4, will help to dissipate any mechanical forces caused by
waterhammer, thus helping to protect the trap and vent from mechanical damage, whilst offering
a simple way to install them.

The best trap for this is the thermodynamic type due to its robust design, but a good alternative
is an inverted bucket should this be preferred. Both will require an air vent, for the reasons
stated above.

Fig. 11.11.3  Typical steam header with drain pocket and float-thermostatic trap set

Steam header

Condensate to return

Steam
supply

Steam to
next manifold

Fig. 11.11.4  Terminal end with inverted bucket trap and air vent

To condensate return

Vent air to a safe place

End of main pipeline

Air venting
Venting the end of the main, as shown in Figure 11.11.4, will provide quicker heating-up and
faster production - further details are given in Module 11.12,  'Air Venting Theory'. On a long
main, or one which is started up daily, it may also be necessary to fit air vents at certain intermediate
drain points. The discharge from an air vent should not be connected into a flooded condensate
return line (as waterhammer may result), nor into a line carrying sub-cooled condensate (since
this can encourage corrosion of the pipework).

Steam branch lines

Isolating valve
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Branch mains to process
Optimum heat transfer will be obtained from any process when it is fed with dry steam. The branch
line should be taken from the top of the main, and where it is relatively long or convoluted,  the line
should  be well insulated and fitted with a small separator and trap set before the plant inlet.
Figure 11.11.2, shows the arrangement where the separator is drained by a float-thermostatic trap.

Any process having a temperature controlled steam supply would benefit from having a drain
trap set situated immediately before the control valve. This will drain the line of condensate
when the control valve is shut, preventing waterhammer damage and erosion of the valve seat
by wet steam upon opening. The ultimate benefits are to increase the working life and
performance of the valve and process. Again, if there is likelihood of wet steam at the end of the
branch line, it is better to fit a separator.

Tanks and Vats

Ball float- Ball float
Thermodynamic

Balanced
Bimetallic

Liquid Inverted
Application thermostatic FT-C pressure expansion bucket

Process vats A B B B5 B
(rising discharge pipe)
Process vats
(discharge pipe at base) A  B6 B5

Small coil heated tanks
A B5

(quick boiling)
Small coil heated tanks
(slow boiling) B A

Process vats (rising discharge pipe)
Figure 11.11.5 is most important. A coil in a process liquor vat should have a fall, and finish in a
'U' seal if the outlet rises. The rising pipe must be of small diameter. By placing a small pipe down
to the bottom of the seal, and closing the pipe at the top with a convenient coupling, steam
locking is prevented. The steam trap can be a float-thermostatic, thermodynamic or a balanced
pressure type. A thermodynamic trap can sometimes prove useful in the case of certain corrosive
liquors if the coil leaks, because it is less affected by corrosion than the other types. Should there
be fear of contamination of the condensate by the tank contents, allow the condensate to drain
to waste. Any condensate from corrosive liquors should be carefully disposed of, particularly if
there is a fear that the tank contents could contaminate the steam and condensate system. A
vacuum breaker should be fitted on the steam inlet side of the coil if the tank content is corrosive,
to remove the possibility of corrosive liquor being drawn back into the steam supply.

A - Best choice,  B - Acceptable alternative,   5 (near-to-steam capsule),  6 (anti-air-binding disc).

Fig. 11.11.5  Process vat with rising discharge pipe

Straight connector

'U' seal

Small bore dip pipe
extending to foot of 'U' seal

Float trap with
in-built sensor
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Process vats (discharge pipe at base)
If the coil has an outlet through the side of the vat, Figure 11.11.6 shows the recommended
drain arrangement using a float-thermostatic trap. Thermodynamic and balanced pressure types
can also be used. It is important to use an eccentric reducer on the end of a horizontal coil, not
a concentric one. A concentric reducer could cause waterlogging of the bottom part of the coil,
which would reduce heat transfer, and increase the risk of waterhammer.

The system will operate better if condensate from the trap is allowed to fall to a non-flooded
return line or vented receiver for pumping.

Fig. 11.11.6  Process vat with discharge pipe at the base of the tank

Coil has constant fall

Steam in

Eccentric
reducing
coupling

Float-thermostatic trap set

Condensate
out
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Pressure Reducing Valves
Where there is a possibility that the pipework downstream of reducing valves could be shut off
during normal operation, a trapping point should be provided to drain any condensate formed
during this period. This keeps the downstream pipework free of water and protects the reducing
valve from filling with water and 'locking-up'. Float traps discharge condensate continuously and
do not disturb the pressure in the pipe when discharging.

Fig. 11.11.7  Standard pressure reducing valve station

Fig. 11.11.8  Pressure reducing valves in tandem

Fig. 11.11.9  Pressure reducing valves in series
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Questions

1. On which parameter is a steam distribution header sized?

a| A maximum length of 5 m

b| A minimum diameter of 150 mm

c| An equivalent maximum steam velocity of 15 m/s

d| A maximum number of off-takes

2. What is the recommended diameter and depth of a drain pocket on a DN150 steam
main?

a| Pocket diameter DN100: Pocket minimum depth 150 mm

b| Pocket diameter DN150: Pocket minimum depth 100 mm

c| Pocket diameter DN125: Pocket minimum depth 150 mm

d| Pocket diameter DN100: Pocket minimum depth 100 mm

3. Which extra benefit does a separator offer over a drain pocket?

a| It reduces the velocity of steam in the pipe

b| It's cheaper to install than a drain pocket

c| It removes suspended droplets as well as the condensate layer

d| It fits in the pipe rather than under it

4. A steam coil discharge pipe rising out of a tank requires a specific type of installation.
What is it?

a| The rising pipe must be the same diameter as the steam coil

b| A vacuum breaker must always be fitted to the steam inlet

c| A pump-trap must be fitted

d| The coil must be fitted with a 'U' seal to prevent steam locking

5. Which steam trapping precautions should be taken with pressure reducing valve stations?

a| A trap should be fitted upstream of the pressure reducing valve station

b| A trap should be fitted somewhere downstream of the pressure reducing valve station

c| Drain pockets should be fitted with float type steam traps

d| All of the above

6. Which of the following statements is true?

a| The purpose of a separator is to prevent waterhammer

b| Ideally, condensate drain lines should not connect into flooded lines

c| Rising condensate lines after traps should be drained with steam traps

d| Steam off-takes are taken from below steam pipes to aid drainage

1: c, 2: a, 3: c, 4: d, 5: d, 6: b Answers
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The Steam and Condensate Loop13.1.2

Heat Exchangers and Stall Module 13.1Block 13 Condensate Removal

Heat Exchangers and Stall
Foreword

This Block discusses the removal of condensate from heat exchange equipment supplied by
saturated steam and fitted with:

o A temperature control valve on the steam line to the heat exchanger.

o A steam trapping device on the condensate line from the heat exchanger.

The primary side of the heat exchanger will be referred to as the ‘steam space’, and the steam
trapping device will be referred to as the ’trap’. The ‘trap’ can be a ‘steam trap’, a ‘pump trap’, or
a ‘steam trap and pump’ fitted in combination.

On these installations, a control sensor monitors the temperature of the outgoing heated fluid in
the secondary circuit. The control valve endeavours to maintain a temperature determined by
the controller, regardless of variations in heat load. The valve achieves this by opening or closing
to alter the flowrate of steam, thereby varying the steam space pressure.

The discharge from the steam trap may be subject to a lift and /or pressure in the condensate
line, or may fall to an open end where it is subjected only to atmospheric pressure. This Block
will refer to condensate pressure as ‘backpressure’.

The heat exchange equipment can be almost anything that meets the above criteria. Examples
include:

o Shell and tube heat exchangers.

o Plate heat exchangers.

o Air heating coils or batteries in ductwork.

o Pipe runs or pipe coils in process equipment, tanks, vats etc.

For brevity, this Block will refer to all such devices as ‘heat exchangers’ or ‘heaters’, and the
passage of fluid being heated by the heat exchanger will be referred to as passing through the
‘secondary’ side of the heat exchanger.

The performance of steam heat exchangers is often reduced due to condensate flooding the
steam space and waterlogging. The two main causes of waterlogging are:

o Fitting the wrong type of trap.

o Stall.

Important note
Some systems aim to achieve control of temperature by positively encouraging partial flooding
of the steam space of the heat exchanger. In these cases, the modulating action of the control
valve at the condensate outlet varies the condensate level in the steam space. This changes the
area of heating surface exposed to steam, and the effect is to change the heat transfer rate so as
to control the secondary outlet temperature.

With systems of this type, it is important that the heat exchangers be designed and manufactured
specifically to withstand the effects of flooding. Where this is not done, the presence of condensate
in the heat exchanger will have an adverse effect on operating performance and will reduce
service life.

This method of control can have certain benefits if the system is designed correctly. One is that
the condensate sub-cools in the heat exchanger before it is discharged. This can considerably
reduce the amount of flash steam in the condensate pipework, which may improve the
performance of the condensate system and also reduce heat losses.

The main operational disadvantage is that systems of this type are slow to respond to variations
in heat load.
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Fig. 13.1.1  An air heater battery suffering the effects of stall
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What is meant by stall?

Stall is the reduction or the cessation of condensate flow from the heat exchanger, and occurs
when the pressure in the heat exchanger is equal to, or less than, the total backpressure imposed
on the steam trap.

Lower than expected pressure in a heat exchanger may occur as a result of any of the following
circumstances:

o The secondary fluid inlet temperature rising as a result of a falling heat load.

o The secondary fluid flowrate falling as a result of a falling heat load.

o The secondary fluid outlet temperature falling due to a lowering of the set point.

As the control valve reduces the steam pressure to meet a falling heat load, the lack of differential pressure
across the steam trap causes condensate to waterlog the steam space, as shown in Figure 13.1.1.

Due to applied safety factors and because heat exchangers are sold in pre-determined sizes, they
often have more heating area than required. This has the effect of increasing the heat transfer
capability of the exchanger above that required. It also means that the operating steam pressure
will be lower than in a comparable heat exchanger perfectly sized for the same duty. The result is
that less steam pressure is available to push out the condensate than may be expected. The steam
pressure in the heat exchanger is important because it influences the stall condition, which in turn
affects trap selection.

Before any trap selection and sizing can take place, it is necessary to determine whether or not stall
will occur, and if it does, to what degree. If this is not done, it is likely that the heat exchanger will
suffer from waterlogging for some or all of its operating life. This, when it occurs, may not be
immediately recognised by the observer or operator, as operating performance might not be reduced
in an oversized heat exchanger. However, waterlogging can have severe financial consequences,
short and long term, unless the heat exchanger is designed to operate this way.

Short-term problems
Consider an oversized heater battery operating as a frost coil and fitted with the wrong type (or
size) of trap, as in Figure 13.1.1.

In this example, the frost coil is preheating chilled air before it passes on to the main heater battery.
Though the frost coil is fulfilling its thermal expectations (because it is oversized for the duty), it will
do so with the bottom half of its coils waterlogged. Incoming cold air approaching 0°C (typically
flowing at 3 m/s) passing over the coils can easily cause the water in them to freeze. This results in
having to repair or replace the heater battery, either causing inconvenience or unexpected outlay.

Waterlogging and freezing will not arise if the application is correctly designed.
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Long-term problems
Traps that are undersized will sometimes show no immediate adverse effects on heater
performance if the heater is oversized.

Ironically, the wrong type of trap fitted to a heat exchanger can often exaggerate a superficial
improvement elsewhere in the condensate system. For instance, a thermostatic or fixed orifice
fitted to any heat exchanger will hold back condensate so that it sub-cools below the steam
saturation temperature. This will have the effect of reducing flash steam from any natural outlet
such as a condensate receiver vent. The casual observer can interpret this as a way to save
energy and can easily be tempted to fit these devices. Unfortunately, the situation is not as
straightforward as it seems. The reality is that holding back condensate until it sub-cools implies
waterlogging to some degree. Condensate that continually floods the steam space will cause
corrosion with costly results. The service life of the heat exchanger is reduced, and the overall
lifetime costs of the installation will increase.

The effects suffered by a waterlogged heat exchanger depend upon the circumstances of the
particular installation.

The symptoms and effects of stall are itemised later in this Module.

How does stall occur?
To understand stall it is necessary to appreciate that saturated steam is a condensing vapour,
which gives up its heat as it condenses to water. This condensation always occurs at a constant
temperature when the pressure in the steam space remains constant.

For example, saturated steam at atmospheric pressure has a temperature of 100°C and will also
condense back into water at 100°C, whereas at a gauge pressure of 1 bar, saturated steam has a
temperature of 120°C and will condense back into water at 120°C. Steam can also exist inside
heat exchangers at below atmospheric pressure i.e. steam at 0.5 bar below atmospheric pressure
has a temperature of about 82°C, and will also condense back to water at 82°C. The pressure
and temperature relationship of saturated steam is entirely predictable and is documented in
steam tables.

Basic heat exchanger theory states that the higher the steam temperature above that of the
secondary fluid being heated, the greater the potential heat transfer rate. To vary the transfer of
heat from condensing steam, the temperature (and thus the pressure) of the steam in the steam
space is varied.

For example, if a heat exchanger uses steam at 160°C at maximum load, and the load is reduced
by 50%, steam at a lower temperature is required. To achieve this, the steam pressure must be
reduced, and, in many cases, becomes less than the backpressure.

Example:
A heat exchanger running at full-load uses saturated steam at 1 bar g (120°C) to heat water from
40°C to 60°C. Full-load therefore occurs when the water temperature rises by 20°C, and the
mean water temperature is:

The difference between the steam temperature and the mean water temperature is termed the
Arithmetic Mean Temperature Difference or AMTD, and the heat transfer rate is proportional to
this. The full-load AMTD in this example is 120°C - 50°C = 70°C.

Consider the situation where the process load falls to 2/3 load.

At full- load, the water temperature rise is 20°C.

If the load falls to 2/3 full- load, and the outlet water temperature remains constant at 60°C, this
means that the temperature rise must be 2/3 of 20°C

Therefore:
At 2/3 load, temperature rise = 2/3 of 20°C = 13.3°C
and the inlet temperature = 60°C  -  13.3°C = 46.7°C

40 C 60 C
Mean water temperature at full-load  =  50 C

2
+ =° ° °
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At 2/3 load, the heat transfer needed will be 2/3  of that at full-load, and equally the AMTD will
be 2/3 of that at full-load, i.e.

As the temperature of saturated steam at atmospheric pressure is 100°C, this means that the
pressure in the steam space is now atmospheric. Consequently, there is no steam pressure available
in the steam space to push the condensate through a steam trap. Even if the condensate line fell
to an open-ended steam trap, the condensate might not drain out of the exchanger. The
condensate will ‘back-up’ the drain line and waterlog the heat exchanger unless proper precautions
are taken.

If condensate backs up into the exchanger, the surface area available to condense steam is
reduced, the heat flow drops and the temperature of the outgoing heated water begins to fall.
When the temperature sensor detects this, the controller opens the control valve a little more
and the inflow of steam increases. This raises the pressure in the steam space above atmospheric
(in this case) and soon becomes high enough to push condensate through the trap. The condensate
level falls, but now the steam space pressure is higher than the atmospheric pressure needed to
just heat the water to 60°C. The water temperature then climbs. When the sensor detects this,
the controller closes down the control valve. The steam space pressure falls to atmospheric - and
the flooding begins again.

The result is a continual cycling of the water temperature above and below 60°C. If the
secondary medium were other than water this could, in many cases, affect its quality.

What are the symptoms and effects of stall?
One or more of the following symptoms may be evident:

In summary:
1. Cold or cool steam trap.

2. Hunting control valve.

3. Fluctuating outlet temperature.

4. Stratified heater temperatures.

5. Waterhammer.

6. Reduced heat output.

7. Reduced product quality.

8. Corroding heat exchangers.

9. Leaking heat exchangers.

10. Failing heat exchangers.

In detail:
o The steam trap goes cold, or is noticeably cooler than the temperature of the steam pipe inlet

to the heat exchanger.
o The control valve is prone to ‘hunting’, i.e. it cycles regularly somewhere between its open

and closed positions.

It follows that the steam temperature at 2/3 load has to be the mean water temperature at 2/3 load
plus the AMTD at 2/3 load, i.e.

Consequently at 2 /3 load, the return water temperature will have risen to 46.7°C, and so the
mean water temperature is now:

2 2
AMTD at  load  =    x  70°C  =  46.7°C

3 3

2
Steam temperature at  load  = 53.3°C + 46.7°C = 100°C

3

2 46.7°C  +  60 C
Mean water temperature at  load=  = 53.3 C

3 2
°

°



The Steam and Condensate Loop13.1.6

Heat Exchangers and Stall Module 13.1Block 13 Condensate Removal

o The temperature of the secondary fluid flowing from the heat exchanger is less accurate than
is expected or required.

o There is stratification of temperature on the output side of the heat exchanger. This will be
more apparent on heater batteries and unit heaters.

For example, it is almost certain to be detectable on the air heater battery depicted in
Figure 13.1.1. The design is such that the face of the heat exchanger surface is usually accessible,
often via an access panel or door in the side of the ducting. If stall is happening, the top of the
battery closest to the steam inlet will be very hot, whereas lower down, it will be much cooler
or even cold, and the trap will be cool or cold. The temperature of the air flowing through the
top of the battery will be noticeably higher than that flowing through the bottom.

o The heat exchanger makes crackling, banging or thumping noises either continuously or
intermittently. Sometimes these noises are associated with severe waterhammer that can cause
physical damage to the heat exchanger and any equipment fitted to it. The hot steam condensing
into the waterlogged condensate causes the waterhammer and resulting noises, especially
when the waterlogging level varies with changes in load.

o In process applications, the result of one or more of the above symptoms may be poor or
unreliable product quality.

o Increased corrosion. The waterlogged condensate cools to temperatures much lower than the
steam temperature at the inlet to the steam space. Carbon dioxide and oxygen dissolve much
more readily into cooler water.

o Carbon dioxide is a common by-product of incorrect boiler water treatment and is carried
over into the heat exchanger with the steam. When it dissolves into water it forms carbonic
acid, which causes corrosion.

Oxygen is present in raw water, and if not completely removed by the water treatment process,
it too will get carried over with the steam. Its presence in water, especially cool water in which
it will readily dissolve, also aggravates corrosion.

Corrosion rates are greatly accelerated when both gases are present.

The degree of corrosion will depend upon the heat exchanger material. Copper, carbon steel,
and stainless steel will each be affected differently.

o Mechanical stress.

The hot steam in the top of the steam space will cause the heat exchanger to expand there,
while the cool water in the bottom of the steam space has the reverse effect. This uneven
expansion / contraction can cause mechanical stress to the heat exchanger structure, notably
to the soldered, brazed, welded or expanded joints in ‘plate’ and ‘shell and tube’ heat
exchangers, and air heater batteries. The most common result is leakage of steam to the
surroundings in the former, or into the secondary airflow in the latter. The stress tends to be
worse if the waterlogging level continually varies, especially if it varies quickly. The level of
waterlogging will vary as the load changes, and as a result; the control valve and steam trap
will struggle to achieve stable control.

It should be said that a properly engineered plate heat exchanger with gasket joints suitably
designed for steam will be very resilient to such stress.

The ultimate effect of stall is increased maintenance and shorter service life of the heat
exchanger and associated equipment. This increases overall running costs.
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Do all heat exchangers suffer from stall?

No. The conditions may be such that there will always be sufficient positive pressure upstream
of the steam trap to clear the condensate so stall cannot occur.

As a general rule, the higher the secondary temperature above 100°C, and the more stable the
running load, (especially if near to the maximum output of the heat exchanger), the less likely
for stall to occur. However, each application is unique and will require individual consideration.
The only ways to determine the dynamics of the installation are to either plot the application
temperatures on a chart or to perform a mathematical calculation. This is explained in
Module 13.2, ‘Condensate Removal from Heat Exchangers’.

Some applications can appear to operate with partial waterlogging, and show little effect of
waterhammer. These tend to be steady load applications, or where the load changes only slightly
and very slowly, and /or applications that employ very robust heat exchange equipment.

One such example would be large bore corrosion resistant heating coils inside tanks correctly
arranged to have a positive fall towards the trapping points.

Even in applications of this type, if the installation is designed or corrected to eliminate stall,
improved operation, improved reliability, and reduced lifetime costs are virtually guaranteed.
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Questions

1. What is the prime cause of stall in heat exchangers?

a| Not enough steam pressure upstream of the control valve ¨

b| The heat exchanger pressure is equal to or less than the backpressure ¨

c| The heat exchanger is undersized ¨

d| The condensate discharges to atmosphere ¨

2. What effects will waterlogging cause in some heat exchangers?

a| None at all ¨

b| It increases the steam pressure in the heat exchanger ¨

c| It can cause swings in the temperature of the heated fluid and corrode the
heat exchanger? ¨

d| It increases the thermal performance ¨

3. In a heat exchanger at full-load, steam temperature is 140°C,
inlet temperature is 20°C, and the outlet temperature is 80°C, what is the AMTD?

a| 40°C ¨

b| 120°C ¨

c| 60°C ¨

d| 90°C ¨

4. In the same heat exchanger at half load, what is the secondary mean temperature?

a| 65°C ¨

b| 50°C ¨

c| 80°C ¨

d| 45°C ¨

5. In the same heat exchanger at half load, what is the steam temperature?

a| 70°C ¨

b| 100°C ¨

c| 110°C ¨

d| 95°C ¨

6. If, for the same duty, a larger heat exchanger were used, what would be expected
of the steam temperature at full-load?

a| It would be higher than 140°C ¨

b| It would be lower than 140°C ¨

c| It would also be at 140°C ¨

d| It would be at 100°C, i.e. atmospheric pressure ¨

1:b, 2: c, 3:d, 4: a, 5: c, 6: b Answers
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 ��� �&��� %&��� '%��� (&��� �&&���

���#�� �����#�� )&	�%���#�� &	�%���#�� &	
���#��
�&	& &	�&& �� ��� ��� �� ��� ��� ����� �� ����
� 	% &	� % �� ��� ��� �� ��� ���� ���� ����� ������
�%	& &	�%& �� ��� ��� ��� �� ����� ����� ����� ������
�+	% &	�+% �� ��� ��� ��� ����� ����� ���� ���� ����
 &	& &	 && �� ��� ��� ��� ����� ����� ���� ����� ������
  	% &	  % �� ��� �� ��� ����� ���� ���� ���� ����� &	%
 %	& &	 %& �� ��� ��� �� ���� ����� ���� ����� ����� ��#��
 +	% &	 +% �� ��� ��� ��� ���� ����� ����� ����� ������

&	& &	
&& � ��� �� ��� ����� ����� ���� ����� ������

 	% &	
 % �� ��� �� �� ��� ���� ����� ����� ������

%	& &	
%& ��� �� � ��� ���� ����� ����� ����� �����

+	% &	
+% �� �� � ����� ����� ����� ���� ����� ������
�&	& &	�&& ��� ��� �� ����� ����� ����� ���� ����� �����
� 	% &	� % ��� ��� �� ����� ����� ����� ���� ���� �����
�%	& &	�%& ��� ��� ��� ����� ����� ����� ����� ������ �����
�+	% &	�+% ��� �� ��� ����� ����� ����� ����� ������ ������
%&	& &	%&& ��� ��� �� ����� ���� ���� ����� ���� ������
% 	% &	% % ��� ��� ��� ����� ����� ����� ����� ������ ������
%%	& &	%%& ��� ��� ��� ���� ����� ����� ���� ������ �����
%+	% &	%+% ��� ��� ��� ����� ����� ��� ����� ������ �����
'&	& &	'&& ��� �� ��� ����� ����� ����� ����� ������ ��
' 	% &	' % �� ��� ��� ����� ���� ����� ����� ������ ����
'%	& &	'%& � ��� ��� ����� ����� ����� ����� ������ �����
'+	% &	'+% �� �� ��� ����� ����� ���� ����� ������ ������
+&	& &	+&& ��� ��� ��� ���� ���� ��� ��� ������ �����
+ 	% &	+ % ��� ��� ��� ���� ����� ���� ����� ������ ������
+%	& &	+%& ��� �� ��� ���� ����� ��� ���� ������ �����
++	% &	++% ��� ��� ��� ����� ����� ���� ����� ������ ������
(&	& &	(&& ��� ��� ��� ����� ����� �� ����� ���� ���� �
( 	% &	( % ��� ��� ��� ����� ����� ���� ����� ����� ������ ��#��
(%	& &	(%& ��� ��� �� ����� ���� ���� ���� ���� �����
(+	% &	(+% ��� ��� �� ����� ��� ���� ���� ���� ������
*&	& &	*&& ��� �� �� ����� ���� ���� ����� ���� �����
* 	% &	* % ��� �� ��� ����� ���� ���� ����� ������ ������
*%	& &	*%& ��� � ��� ����� ����� ���� ����� ������ �����
*+	% &	*+% ��� �� ��� ����� ����� ���� ���� ������ ������
�&&	& �	&&& �� �� ��� ���� ����� ���� ������ ������ ������
� &	& �	 && ��� �� ��� ����� ����� ����� ������ ������ ������
��&	& �	�&& ��� ��� �� ����� ���� ����� ������ ������ ������
�'&	& �	'&& �� �� ����� ����� ����� ���� ������ ������ �����
�(&	& �	(&& ��� ��� ����� ���� ����� ���� ����� ����� ����� �	%
 &&	&  	&&& ��� ��� ���� ���� ����� ����� ����� ���� ����� ��#��
  &	&  	 && ��� ��� ����� ����� ����� ����� ������ ������ �����
 �&	&  	�&& ��� ��� ����� ���� ���� ����� ������ ����� �����
 '&	&  	'&& ��� ��� ����� ����� ���� ��� ����� ������ ������
 (&	&  	(&& ��� �� ���� ����� ���� ����� ������ ������ �����

&&	& 
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D1  =  Connecting branch size (N.B.)
D2  =  Common pipe size
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 �& %& '% ��(& �&&
%( �� �� �� �� �� �� �� �� ���
%* �� �� � �� �� �� �� �� ���
'& �� �� �� �� �� �� �� ��� ���
'� �� � �� �� �� �� �� ��� ���
' � �� �� �� � �� �� ��� ���
'
 �� �� �� �� �� �� �� ��� ���
'� �� �� �� �� �� �� �� ��� ���
'% �� �� �� �� �� �� �� ��� ���
'' �� �� �� �� �� �� �� �� ���
'+ �� �� �� � �� � �� �� ���
'( �� �� �� �� �� � � ��� ���
'* �� �� �� �� �� �� �� ��� ���
+& �� �� � �� �� �� �� ��� ���
+� �� � �� �� �� �� �� ��� ���
+ � �� �� �� �� �� �� ��� ���
+
 �� �� �� �� �� �� �� ��� ��
+� �� �� �� �� � �� �� ��� ��
+% �� �� �� �� �� �� �� ��� ���
+' �� �� �� �� �� �� ��� ��� ���
++ �� �� �� �� �� �� ��� ��� ���
+( �� �� �� � �� �� ��� ��� ���
+* �� �� �� �� �� �� ��� ��� ���
(& �� �� � �� �� � ��� ��� ���
(� �� �� �� �� �� �� �� �� ���
( �� � �� �� �� �� ��� ��� ���
(
 � �� �� �� �� �� ��� ��� ���
(� �� �� �� �� �� �� ��� ��� ���
(% �� �� �� �� � �� ��� ��� ���
(' �� �� �� �� �� �� ��� ��� ���
(+ �� �� �� �� �� ��� ��� ��� ���
(( �� �� �� � �� ��� ��� ��� ���
(* �� �� �� �� �� ��� ��� ��� ��
*& �� �� �� �� �� ��� ��� ��� ���
*� �� �� � �� �� �� ��� ��� ���
* �� � �� �� ��� ��� ��� ��� ���
*
 � �� �� �� ��� ��� ��� ��� ���
*� �� �� �� �� ��� ��� �� ��� ���
*% �� �� �� ��� ��� ��� ��� �� ���
*' �� �� �� ��� �� ��� ��� ��� ���
*+ �� �� ��� ��� ��� ��� ��� ��� ���
*( �� ��� ��� ��� ��� ��� ��� ��� ��
** ��� ��� ��� �� ��� ��� ��� ��� ��
�&& ��� ��� ��� ��� ��� ��� ��� ��� ��
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 �& %& '% ��(& �&&
�% �� �� �� �� � �� �� �� ���
�' �� �� �� �� � �� �� �� ���
�+ �� �� �� �� � �� �� �� ���
�( �� �� �� ��  �� �� �� ���
�* � �� �� ��  �� �� �� ���
 & �� �� �� �� � � �� �� ���
 � �� �� �� �� � � �� �� ���
  �� �� �� �� � �� �� �� ���
 
 �� �� � �� � �� �� �� ���
 � �� �� �� � � �� �� � ���
 % �� �� �� � � �� �� � ���
 ' �� �� �� � � �� �� � ���
 + �� � �� � � �� �� � ��
 ( �� � �� � � �� �� �� ��
 * �� �� �� � � �� �� �� ��

& � �� ��  �� �� �� �� ��

� � �� � � �� �� �� �� ���

 �� �� � � �� �� �� �� ���


 �� �� � � �� �� �� �� ���

� �� �� � � �� �� �� �� ���

% �� � � � �� �� � �� ���

' �� �  � � �� � �� ���

+ � � � � � �� �� �� ���

( � � � �� �� �� �� �� ���

* �  � �� �� �� �� �� ���
�& � � � �� �� � �� �� ���
��  � � �� �� �� �� �� ���
� � � � �� �� �� �� �� ���
�
 � � �� � �� �� �� �� ���
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��	���
����	���%��������������������������������	�������	��4 !!��� <��

!�"��#�����������������������������
���	9����������	������������������������
���	���	�
����	��	������	���.

� ������%	��������������
������������	�����������	����

� ������	������������
����������	�����	����������	�����������������������	��
����������	�
�	��������������������	���	�������	����	������������

� ����
	��	�����������	����������������������	�������������

� ������������	����������
����������������������

����������
��	9	���������	�������������	���
�������
��������������
�������������	���������
�����������	�	������������	������������������	���
������������������������
���	����%�����
�	���� �� ���	���������� 
�� �	9	��� ��������	���� ������ 1�����	��� ������� 	�� ����� �����  !!��
������������
�	��	������	��	�����2.

��������	
�
�(�)�%������"������������������������������
7����.

"��������������	������ >�4� !!��� <�
*�����������������	������
�������	������� >�;�4������

E���	�����	
��
������������������	�	�� >�$�4��
/��������	��������������	�	���1�	�	���
�	��	������	�	���2 >� �#������

���	������
	��	������������������ >�!�3��

!� �����#�

7����1�������������������������%� 7
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2�/����3��������������, ���������"�����������3�	��������#�����������

!�"��#������������#������%��&���������������������������������
�����	���������	���
�����������	���������������������������������������������	9��������
����������������	��	������� !!������������
�	��	�������	�������
������	���	�������	����������
������������������������������������������	
������������������������������������������������
����	�����������(���	���������	��������������� !!����������������������������������������
�	����	9����������������������������������������������
��������������	����������	9����������
����������������	��5%������ +�+�+

*�����������������#��������	++�������
D�����	������	�������� !!�������<����������������������
���	���������������������	����	��	�
���	�������������������	����	9�������������������������
�	��	������1	�����	���	����	�����2����
����%�������������'�������	�	���������	������	���%���	����	��5%������ +�+�+

"��	���������������������������	�������	����������	��5%������ +�+�3������	��������	����
�	���4;!������������

��������	
�
�
��!�"��#�����������������$,+������#�����������-�#����	
�
�	+�.
(����G6;!��������	���;�4���������	�������������4,������	�����������������%	��������
�����	���>�4,!!��� <��
(���(	����� +�+� !������
���	����������������	���.

���������������������
�������	������� > 4 !!��� <��
8�%	���������������������	��	�������4 !!��� <� > 34��
�����
������%	����
�	��	�������	��������������� > 34�@�4,��

7�)�*�*�.������������	�	����������1�(�� � &�*�������)�*����3�&""""����
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�����������������������������������������������������#��������	++��������
D���	�������� !!���������	��������������
��	��	���	������������	��	������������	�������
�	�������� ����������������	��
� ��	�������
� �	��	����� ���� ������
� ����������	�����������
���������������
����������������������������	����������������
������������������	���
��	����������������	�������	��	��������������	����������	����������������
�	��	������

,!�!!!�/��	��5%������ +�+�+����;!:������.

��������������
�	��	������>�;!:�H�,!!!!�/� > 3!!!!�/�

"��	�������	������	���������������4;!���?� !:�
�����	�	����
	��	��� > 4#;��

"��������������%	����
�	��	�������	����������������<������ >

7�)�*�*�.������������	�	����� � !"8��� +*

(����	�������
�������������	�����
�������	�����������,��	��������
	��	������� > ,�H�4 !!��� <�
�����.���9�����������3�������.������	����.��*�������*� � !4&""�2�+�

����������%�'����������������
7	�����
�	��	�������	�������
� !$�/� <��������� +�+�4�����������������)!�����	���1�	�	���2�	�
����	�������	�����������������
�������
� 4,!!��� <������
����������� +�+�4�	��	�������������
)!�����	����	�������� ,+)!��� <���	�����
�	��	�������	�������
� !$�/� <��

����	�	����������')!���������'�	�������������	�����������������������	��������	�������
������

� 4,!!��� <�����������	���������
�	��	��������
�,;�/� <��	�����)!�����	���

-�������������������������#��������
���5%������ +�+�+��(	����� +�+� !� ����� ����� ������%	��������� 
	��	��� ������	�������	��
���������
�;�4����������������	����������
�4,��������	��4 ,!!��� <���-�������
	��	������������
���������	����%	�����1��������4�;!!��� <�2���������������	����������������������������	�����

��
�	��	�������(������������	9��G6;!���������	������������������������	������	���	�����
�����	��5%������ +�+�;

��������

�����



�����������	
���	
�	���������������

�������� ����������	
������ �������	����������	���	������	
������� 	�
�������

����������

	
���

���

��
��

����
�

	�
��

����
�


�
��

����
�

��
��

����
�

��
��

����
�

�
��

����
�


�
�

����
�

��������	�
���

���� ����� ����� 
���� 	���������
�



�

�




	

�

�

�

�

�



�

�




��������������8����������������������������
������&����������#:�'(��
��%

-
��
���

�
��
��
��
��
��
���

*	9	�������
	��	��������
�4 ;!!��� < ������������������������
�;�4��������
���	�����(	����� +�+�  �

������G6;!�������	�������������������������������
	��	��������
�4 ;!!��� <�������������
��%	�����������������
������4#������	����	��	�������.
7	����������������	����������
�4,��.

���	�������������
��
��
�	��	������� > 4#�@�4,��
���	�������������
��
��
�	��	������� >  ��

"�����	����������������������� ��������
�������	�����	���������$ )!,�,;�/��

(��������	���������������	���
�4#;��.

�����
�	��	�������	��������������� >

> 3;�#�/� <�
8	�������������
�;!:�
��	����	����� > ;!:�H�3;�#�/� <�
8�%	����
�	��	�������	��������������� >  )�/� <�

�����
���������	���������	����������������	9���������	������������
�������
�����������
���������	���	�����������,�H�����
	��	��������������	��	��������������	�������������������	9����
,�H�4;!!��� <��>� ;!!!��� <���	�����
�	��	������
� )�/� <��

������ +�+�4�������������	�����������	������	��������������� !!����1��������� 4;���2�������
�������������������	��	��	��������	�	���

�����������������������������	���������	�����	���������������	��	������������������	���
�����	������������������	���������	���	��������������	���	���

2�/����3��������������, �

��������	
�
�,��������������������*/,+���������������'��������������	
�
�
0�'��
�����#��������������������#���������$�,++�&# 1���/�%�����������������"�����������������
���������
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2�4��5�2�/����3��������������, �

(	����� +�+� 4�������������G6)!������������������������	�	���
�;�4���������	��������
����4;!!��� <��
���������������������%	�������	����������
�3;���

(���5%������ +�+�+����������������	��������� > 4,��
�����
	��	��������
�4;!!��� <�����%	���������� > 3;��

-�������	������
��
�	��	����� > 3;���@�4,���>�$�������

"�����	�����������������������$��������
�������	�����	���������))4;$�$�/��

�����
���))4;$�$�/������4#;�������	�����	���	����	����� >�;!:�H

8�%	����
�	��	�������	��������������� >  ,!�/��<��

�������	����� �	��� 	�� ���	�� �	9��� �� ������ ,� %� 4;!!� �� <��>� ;!!!� �� <�� 
� ����������� ��
	��������	��������� +�+�4������ ��������)!�����	����	�������������4! ,!���<���	����

�	��	������
� ,!�/� <���
��	����������� ��< ��

�����	��	��������������������G6)!�������	�����
���������������	�������	9��������������������

�������������������������	���������	���
������ ��< �����	���	���	��	������������	�������
)!�����	���	�������
�����	������
������G6)!������

6��.�����G6)!�������������������� !:��������������G6;!����������������%�������
������������	
	�����������	

�������	��	��������	����������������	������	���0���	���	����	�
	�����������������������	

�������	����������������)!�������� 4;�����	��0�	��������	��

	��	���������	������	��

�����������������������#����������������������������
"��	�����������������	������	�	������5%������ +�+�+�������	������������G6)!�����������
���������	��������������	�������	��������	������������������������	������	��������������
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���5����	�� +�+�4����������	
	��������
�������	�������������!�!! ��� <������	�����������	��
��	�������	����������������������������������������	��	
	������	

��������������������	����

������������������	������������������
������)!�����	������	��5%������ +�+�+�

��������	������� >  ;!!!��� <�
"�������������	
	������� > !�!! ��: < ��

/	������ > )!���

;����	�����������3 � "%<0�*+	

(��������� +�+�3�������%	��������	���
�����)!���������	���	�� �)+��< ��

 �!�����������8�2��
�������������������������������!����#!�����������2��
�����������������'(���$�%
�����!������ �' �( �' �� �( '( )' *( �((
;���������$� ���� �� ��� ���� ���� ��� �� ��� ���

���������������������#���������������
������������
�������	�����������
����������	������	����������������������	����	��
�
�����	����
������������	����������������������	����	��������������
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�������� �' �( �' �� �( '( )' *( �(( ��' �'(
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�

�'��������'�� � ��� ��� �� ��� ����� ���� ���� ������ ������ �����
�'��������(�� �� ��� �� ��� ����� ����� ����� ����� ����� ����� ������
�'�������*�� �� ��� ��� �� ����� ���� ���� ���� ����� ����� �����
�'�������)�� �� ��� ��� ��� ���� ����� ���� ����� ����� ������ ������
�'�������'�� � ��� ��� ����� ����� ����� ����� ����� ������ ����� �����
�'���������� �� ��� �� ����� ���� ��� ����� ������ ����� ������ ������
�'���������� ��� �� ��� ����� ���� ����� ���� ������ ������ ������ �����
�'���������� ��� ��� ��� ����� ����� ���� ������ ������ ������ ����� ������
�'���������0'��7 ��� ��� �� ����� ����� ����� ����� ����� ������ ����� �������
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