Boiler Control Objective

For proper control application, it is necessary to understand the objective of the control system.
In the case of steam boilers, there are three basic objectives:
Accuracy|], To cause the boiler to provide a continuous supply of steam at the desired
condition of pressure and temperature.
Efficiency| 2, To continuously operate the boiler at the lowest cost for fuel and other
Safety | boiler inputs. Consistent with high levels of safety and full boiler design life
3.To safely start up, shut down, monitor on-line operation, detect unsafe
condition, and take appropriate actions for safe operation at all time.
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Input / Output

Before we begin the design of a boiler control system, we need to specify the input and outputs of
the system, this is done after performing mass and energy balance, obviously this has to be done
for any process control to be able to determine the manipulated variables, an interesting point is
what one considers to be input/ output of a plant can be the output/ input of the control system as
in our case.
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Boiler Control-The Process of Managing the Energy and Mass Balances

The boiler control system is the vehicle through which the boiler energy and mass balances are
managed. All the boiler energy and mass inputs must be regulated in order to achieve the desired
output conditions. The measurements of the output process variables furnish the information to the
control system intelligence unit figure below is a block diagram showing how the parts of the
overall control system are coordinate into the overall boiler control system. For the energy input
requirement, a firing rate demand signal must be developed. This firing rate demand creates the
separate demand for the mass of fuel and combustion air the mass of the water-steam energy
carrier must also be regulated, and the feedwater control regulates the mass of the water in the
boiler. The final steam temperature condition must also be regulated. The effects of the input
control actions interact, since firing rate also affects steam temp and feedwater flow affects the
steam pressure, which is the final arbiter of the firing rate demand.

Mass and Energy Balance Involved |

Steam(vapor)

e Steam-water mass balance: .4 water |

Fuel, Air-Flue Gas Mass Bal liquid "
# Fuel, Air-Flue Gas Mass Balance: Adow (liaui
(Gas, Liquid, Solid) Blowdown (liquid)

—» flue gas(gas)
—» Ash or particulate (solid)

ko Water Side Chemical Mass Balance|

Chemicals in
Feedwater

Chemicals
In Steam

Chemicals in blowdown

E!niler Control main Suh—systemsj

HIGHLIGHTS

e Plant Master

e Boiler master control

e Combustion control (air to fuel ratio control)
e Furnace pressure control

e Drum level (feedwater) control

Boiler control systems generally include subsystems:

e Steam temperature control

input utput
—
=
1 i R i Y| &
RERE | -
» Fuel demand firing rate =
Air demand demand —lel ! =
| =
::'.i:::Z::::::::::::::::::::::::Z::':::.:.:::: &
-« 55??%?—#!‘!?! 5'??4.!.!‘:!395 F?!?-;u_flﬁt?lzz T 1l




{Boiler master)
Main steam pressure control

Feed water level control

N Cascade Primary
Direct Contral

Stieam
Zeam
Feez waler
4 sV @
Air flow control

Exhaust

gas oxygen  |Fx
concentration

control

e

W Exhaust

Gas Monitor

Air fiow Oxygen Exnaust

concentration gas




Fal

WATEE. f STESRL STYSTERL

Water

m:&&rum AF
Burnner Management Main Fire Tube or

Kystem for Combution|EVaporation Section [*Y
in Water Tube Boilefrcouvection H.T.) or }“

The basic boiler: A boiler comprises two different systems which interact strongly together

Water side|water is converted into steam due to heat transferred to it through heating surface

Steam

lowdown

Flue Gases
Ash

Fire side: |1l is the syqtem Wthh prowde% heat needed to be transferred to water side

Boiler Classifications : Boilers can be classified according to many points of views,

JAccording to operation type:|

- Utility boilers: used in electric utility generating

-Industrial boilers: used in smaller scale industrial applications

-Hot water boilers: actually not boilers by definition as it doesn't reach boiling
temperature but same operating principles as boilers

{According to air draft type:] {According to heating surface type:]

-Forced draft fan boilers -Fire tube boilers

-Induced draft fan boilers -Water tube boilers

-Balanced draft fan boilers -Once through water tube (super critical boilers)

-According to fuel type:  {According to number of burners]

- Solid fuel -Single burner
-Liquid fuel -Multiple burner
-Gaseous fuel

-Mixed fuel

Fire Tube or Shell Boilers: Remember that we can not make good control over a system if we do not know its
components/subsystems & all the details of various inputs& outputs signals/parameters which exist in this system. So in order
to understand & examine all the various types of control & alarm systems needed for fire tube boilers, we have to know as

much as we can about different boiler parts (in addition to all types of thermo-fluid processes which take place inside& around
the real boiler system). This part includes an overview of different types of fire tube boilers with layouts, heat and steam release
considerations plus pressure and output limitations of fire tube boilers.
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Shell BOiIEfSl(Fire Tube Bﬂilﬁ‘l'ﬂ) Dry back reversal

Steam
Shell boilers may be defined as those boilers in which the heat transfer surfaces are all contained within a | P3¢

steel shell. Shell boilers may also be referred to as 'fire tube' or 'smoke tube’ bollers because the products of | Water
combustion pass through the boiler tubes, which in tum transfer heat to the surrounding boiler water. 2nd pass.
Several different combinations of tube layout are used in shell bollers, involving the number of passes the heat

|
from the boiler fumace will usefully make before being discharged. Figures 3.2.1a and 3.2.1b show a typical two Combustion Yo )
-pass boiler configuration. Figure 3.2.1a shows dry back boiler where hot gases are reversed by a refractory | #9998 (Furnace tube(s))

lined chamber on the outer plating of the boiler. Figure 3.2.1h shows more efficient method of reversing hot | water
gases through awet back boiler configuration. The reversal chamber is contained entirely within the boller. Wt back reversal chamber __  (b)

This allows for a greater heat transfer area, as well as alowing the boiler water to be heated at the point | Seam

where the heat from the fumace will be greatest - on the end of the chamber wall. Water

Itis important to note that the combustion gases should be cooled to at least 420°C for plain steel boilers and 2nd pass o
u

470°C for alloy steel bollers before entering the reversal chamber. Temperatures in excess of this will cause )
15t pass

overheating and cracking of the tube end plates. The boiler designer will have taken this info consideration,

and it1s an important poin If different fuels are being considered. (Fumace tubels)]
Several different types of shell boilers have been developed, which will now be looked at in more detail. skor

ancas h Ire bﬂ I |E r,l [Wet .'s\lr:':n:’;l ﬁ?gaigec:::;;ﬁ:ationsl
Sir William Fairbaim developed the Lancashire boiler in 1844 from Trevithick's single flue Cornish baoiler.
Although only a few are still in operation, they were ubiquitous and were the predecessors of the sophisticated
and highly efficient boilers used today.
The Lancashire boiler comprised a large steel shell usually between 5 - 9 m long through which passed two
large-bore furnace tubes called flues. Part of each flue was corrugated to take up the expansion when the
boiler became hot, and to prevent collapse under pressure. A furnace was installed at the entrance to each
flue, at the front end of the boiler. Typically, the furnace would be arranged to burn coal, being either manually
or automatically stoked.
The hot gaseous products of combustion passed from the fumace through the large-bore corrugated flues.
Heat from the hot flue gases was transferred into the water surrounding these flues.




The boiler was in a brickwork setting which was arranged to duct the hot gases emerging from the flues
downwards and beneath the boiler, transferring heat through the bottom of the boiler shell, and secondly back
along the sides of the boiler before exxting through the stack.

These two side ducts met at the back of the boiller and fed into the chimney.

These passes were an attempt to extract the maximum amount of energy from the hot product gases before

they were released to atmosphere.

Later, the efficiency was improved by the addition of an economiser. The gas stream, after the third pass,
passed through the economiser into the chimney. The economiser heated the feedwater and resulted in an
improvement in thermal efficiency.

One of the disadvantages of the Lancashire boiler was that repeated heating and cooling of the boiler, with the
resultant expansion and contraction that occurred, upset the brickwork setting and ducting. This resulted in
the infiltration of air, which upset the fumace draughit.

[These boilers would now be wvery expensive to produce, due to the large amounts of matenal used and the
labour required to build the brick setting.
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Blowdown Coal feed (Fig. 3.2.2 Lancashire boiler ]
The large size and water capacity of these boilers had | Capacity Small Large
a number of significant advantages: o s m Dimensions|5.5 mlong x 2 m diameter| 9 m long x 3 m diameter
m Sudden large steam demands, such as a pit-winding
engine being started, could easily be tolerated Output 1 500 kg./h 6 500 kg/h
because the resulting reduction in boiler pressure Pressure Up to 12 bar g up to 12 bar g
released copious amounts of flash steam from the Table 3.2.1 Size range of Lancashire boilers

boiler water held at saturation temperature.

These boilers may well have been manually stoked, consequently the response 1o a decrease in boiler
pressure and the demand for more fuel would have been slow.

The large volumes of water meant that although the steaming rate might vary widely, the rate of change
of the water level was relatively slow.

Water level control would again have been manual, and the operator would either start a reciprocating,
steam powered feedwater pump, or adjust a feedwater valve to maintain the desired water level.




m T he low level alarm was simply a float that descended with the water level, and opened a port to a
steam whistle when a pre-determined level was reached.
m T he large water surface area in relation to the steaming rate meant that the rate at which steam was
released from the surface (expressed in terms of kg per square metre) was low.
This low wvelocity meant that, even with water containing high concentrations of Total Dissolved Solids (TDS),
there was plenty of opportunity for steam and water particles to separate and dry steam to be supplied to the plant,
As control systems, materials, and manufacturing technigues have become more sophisticated, reliable and
cost effective, the design of boiller plant has changed.

[Econnmic boiler (two-pass, dry back)]

The two-pass economic boiler was only about half the size of an equivalent| Chimney D) Steam
Lancashire boiler and it had higher thermal efficiency. It had cylindrical outer|
shell containing two large-bore corrugated furnace flues acting as the main > _
combustiol chambers.The hot flue gases passed out of the two furnace flues Waler
at the back of boiler into a brickwork setting (dry back) and were deflected
through number of small-bore tubes arranged above large-bore furnace flues.
These small bore tubes presented large heating surface to the water. The flue
gases passed out of the boiler at the front and into induced draught fan, which|Burner
passed them into the chimney

Capacity Small Large
Dimensions |32 m long x 1.7 m diameter|7 m long = 4 m diameter
Dutput 1 000 kg # h 15 000 kg / h
Pressure Up to 17 bar g up to 17 bar g
Table 3.2.2 Size range of two-pass. dry back economic boile

Economic boiler (three-pass, wet back)) Steam at 150°C "
L 7 Imney

A further development of the economic boiler was the creation of three-pass :"D 0
wet back boiler which i= standard configuration in use today. (see Figure 3.2.4)
This design evolved as materials and manufacturing technoloav has advanced: Steam space
thinner metal tubes were introduced allowing more tubes to be accommodated, '

the heat transfer rates to be improved, and the boilers themselves to become Ird pass (tubes|
more compact Typical heat transfer data for a three-pass, wet back, economic :

boiler is shown in Table 3.2.3.
Area of tubes | Temperature | Proportion of total heat transfer ) £nd pass ltubes) -

1st pass 11 m? 1 600°C 65%

I8l 11 Water
(Fig. 3.2.3 Economic boiler (two-pass, dry back))

'\I:l
2nd pass 43 m? 400°C 25% [ Ia 15t pass [fumace tubels)|

3rd pass 46 m? 350°C 10%

Table 3.2.3
Heat transfer details of a modern three pass, wet back, economic boiler Fig. 3.2.4 Economic boiler (three-pass, wet back))




ﬂ:’ackaged boile] —

In the early 1950s, the UK Ministry of Fuel and Power sponsored research @ - - \
into improving boiler plant. The outcome of this research was packaged boiler,| | | _ \
resulting from further development on three-pass economic wet back boiler. : == 1§ — )
Mostly, boilers were designed to use oil rather than coal. The packaged boiler \

Is so called because it comes as complete package with burner, level controls, ' ;
feedpump and all necessary boiler fittings and mountings. Once delivered to
site it requires only the steam, water, and blowdown pipework, fuel supply and

electrical connections tobe made for it to become operational Development has

also had a significant effect on the physical size of boilers for a given output: ,_

m Manufacturers wanted to make the boilers as small as possible to save on |
materials and hence keep their product competitive.

m Efficiency is aided by making boiler as small as it is practical; the smaller Courtesy of BIB Cachrans i 325 Wiodern packaged boiier)
boiler and the less its surface area, less heat is lost to environment. r—
To some extent the universal awareness of the need for insulation, and the ] i . Volumetric|  release
high performance of modem insulating materials, reduces this issue. e ey Y | retonse | wator Surtace

m Consumers wanted the boilers to be as small as possible to minimise the (kW/m?) |  (kg/m? s)
amount of floor space needed by the boiler house, and hence increase :;'"“s"_i“ gﬂa: :-g :-;g ;; 3;3 g":;
the SDHEE available fDr DthE.‘r PUTPOSEs. Pz:::::: ;: 3:9 2:50 82 2 330 {}:20

m Boilers with smaller dimensions (for the same steam output) tend to be Packaged | Gas| 3.9 750 80 7 600 0.20

lower in capital cost. (Table 3.2.4 Comparison of 5 000 kg / h boilers )

ﬁ/ﬂlumetric heat release (kWImﬂ]

This factor is calculated by dividing the total heat input by the volume of water in the boier. it effectively
relates the quantity of steam released under maximum load to the amount of water in the boiler. The lower this
number, the greater the amount of reserve energy in the boiler.

Mote that the figure for a modern boiler relative to a Lancashire boiler, is larger by a factor of almost eight,
iNndicating a reduction in stored energy by a similar amount. This means that a reduced amount of stored
energy is availlable in a modermn boiler. This development has been made possible by control systems which
respond quickly and with appropriate actions to safeguard the boiler and to satisfy demand.

(Steam release rate (kg / m? 5)]

This factor is calculated by dividing the amount of steam produced per second by the area of the water plane.

The lower this number, the greater opportunity for water particles to separate from steam and produce dry steam.
Mote the moderm boiller's figure is larger by a factor of almost three. This means that there is less opportunity
for the separation of steam and water droplets_This is made much worse by water with a high TDS level, and
accurate control is essential for efficiency and the production of dry steam. At times of rapidly increasing load, the
boiler will experience a reduction of pressure, which, in tum, means that the density of the steam is reduced, and
even higher steam release rates will occur, and progressively wetter steam is exported from the boiler.




[Four-pass boilers]

Four-pass units are potentially the most thermally efficient, but fuel type and operating conditions may prevent
their use. When this type of unit Is fired at low demand with heawvy Tuel oill or coal, the heat transfer from the
combustion gases can be very large. As a result, the ext flue gas temperature can fall below the acid dew
point, causing corrosion of the flues and chimney and possibly of the boiler itself. The four-pass boiler unit is

also subject to higher thernmmal stresses, especlally It large load swings suddenly occur; these can lead to
stress cracks or taillures within the boiler structure. For these reasons, four-pass boilers are unusual.

(Reverse flame / thimble boiler]| . Chimney

This is a variation on conventional boiler design. The combustion chamber [> Steam <
is in the form of a thimble, and the burmer fires down the centre. The flame
doubles back on itself within the combustion chamber to come to the front

of the boiler. Smoke tubes surround the thimble and pass the flue gases to
the rear of the boiler and the chimney.

Pressure and output limitations of shell type boilers]

The stresses that may be imposed onthe boiler are limited by national standards.
Maximum stress will occur around the circumference of a cylinder. This is called
‘hoop' or ‘circumferential’ stress. The value of this stress can be calculated using
G = PD /2t |Where:P=steam presure, D=cyl.diam. & t=wall thickness

From this it can be deduced that hoop stress increases as diameter increases. Furnace back
To compensate for this boiler manufacturer will use thicker plate. However, this Tubes around furnace wall
thicker plate is harder to roll and may need stress relieving with a plate

thickness over 32 mm. (Fig. 3.2.6 Thimble or reverse flame Eoller]

One of the problems in manufacturing boiler is in rolling the plate for the shell. Boilermakers' rolls, as showr in Figures
2327 and 3.2.8, cannot curve the ends of the plate and will, hence, leave a flat:

Burner
Water

” - : -"/-’_- -_\xl\\.
m Roll A is adjusted dDwnm?.fards to reduce radius of curvature. I A | Roller movement
m Rolls B and C are motorised to pull plate through rolls. - late movement - ! /S
B The rolls cannot curve the ends of the plate \_/
et T,
When plates are welded together and boiler is // \, / ™
pressurised, the shell will assume circular cross ' B ) c |

section. When the boiler is taken off-line, the plates "-\\ // \\ ;"ﬁ
will revert to "as rolled’ shape. This cycling can cause — "
fatigue cracks to occur some distance away from the l:l:'ig. 3.2.7 Rolling the boiler shell using boilermakers’ roll%
shell welds_ It is cause for concern to boiler inspectors - Flat __|

who will periodically ask for all the boiler lagging to

be removed and then use a template to determine

the accuracy of the boiler shell curvature.

Obwiously, this problem is of more concern on boilers
that experience a lot of cycling, such as being

_ . Fig. 3.2.8
shutdown every night, and then re-fired every morning. E:c:ssible fatigue points on a boiler shelﬂ

Fatigue points




[Pressure Iimitation]

Heat transfer through the furnace tubes is by conduction. It is natural that thick plate does not conduct heat as
quickly as thin plate. Thicker plate is also able to withstand more force.

This is of particular importance in the furnace tubes where the flame temperature may be up to 1 800°C, and a
balance must be struck between:

m A thicker plate, which has the structural strength to withstand the forces generated by pressure in the boiler
m A thinner plate, which has the ability to transfer heat more guickly.
The equation that connects plate thickness to structural strength is Equation 3.2.1: Ig - PDth

Equation 3.2_1 shows that as the plate thickness gets less, the stress increases for the same boiler pressure.
The equation that connects plate thickness to heat transfer is Equation 2.5.1: @ — k‘A_ ﬁT}{Zt Where:

(@) is heat transfer rate , k=wall thermal conductivity, AT = max. temp.difference across cyvl. wall
Equation 2.5.1 shows that as the plate thickness gets less, the heat transfer increases. By transposing both

equations to reflect plate thickness. P[D /2o = MT’Q So. Boiler pressure is|P =2 lkAAT/

For same boiler, Gk;ﬂt. and D are constant and, as .-ﬂ.Tis directly proportional to P, it can be said that:
For any one boiler, if the heat transfer rate (Q) is increased, the maximum allowable boiler

pressure is reduced_ A compromise is reached with a fumace tube wall thickness of between

18 mm and 20 mm. This translates to a practical pressure limit for shell boilers of around 27 bar.

Output limitation]

Shell boilers are manufactured as packaged units with all
ancillary equipment fixed into position. After manufacture,
the packaged boiler must be transported to site and largest
boiler which can be transported by road in the UK has an
output of around 27 000 kg/h. If more than 27 000 kag'h is
required, then multi-boiler installations are used. However,
this has the advantage of providing better security of supply
and improved plant turndowin. Wi, Flame
(1.800°C}

- Fig. 3.2.9
Fig. 3.2.10 Road transportation Heat transfer from the furnace tube




ummary|
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Today's highly efficient and responsive shell boiler is the result of more than 150 years of development in:
m Boiler and burner design. m Material science. m Boiler manufacturing techniques. fa Control systems.)

ﬁu guarantee its successful and efficient operation, the user must:

m Know the conditions, environment, and demand characteristics of the plant, and accurately specify
these conditions to the boiler manufacturer.

m Provide a boiler house layout and installation that promotes good operation and maintenance.
m Select the control systems that allow the boiler to operate safely and efficiently.

m Select the control systems that will support the boiler in supplying dry steam to the plant at the required
pressure(s) and flowrate(s).

m |dentify the fuel to be used and, if necessary, where and how the fuel reserve is to be safely stored.
(Advantages of shell boilers: )

m [ he entire plant may be purchased as a complete package, only needing securing to basic

foundations, and connecting to water, electricity, fuel and steam systems before commissioning. This
means that installation costs are minimised.

m [ his package arrangement also means that it is simple to relocate a packaged shell boiler.
m A shell boiler contains a substantial amount of water at saturation temperature, and hence has a

substantial amount of stored energy which can be called upon to cope with short term, rapidly applied loads.

This can also be a disadvantage in that when the energy in the stored water is used, it may take some
time before the reserve 1s built up agan.

m T he construction of a shell boiler is generally straight forward, which means that maintenance is simple.
m Shell boilers often have one furnace tube and burner. This means that control systems are fairly simple.

m Although shell boilers may be designed and built to operate up to 27 bar, the majority operate at 17 bar or less.
This relatively low pressure means that associated ancillary eqguipment is easily available at competitive prices.
Disadvantages of shell boilers:

m [ he package principle means that approximately 27 000 kg / h is the maxamum output of a shell boiler.
If more steam i1s required, then several boilers need to be connected together.

m The large diameter cylinders used in the construction of shell boilers effectively limit their operating
pressure to approximately 27 bar. If higher pressures are needed, then a water-tube boiler is required.




