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CHAPTER 1

Boiler Fundamentals

Basic Boilers

A boiler is comprised of two basic systems. (See Figure 1-1.) One system is the steam water
system also called the waterside of the boiler. In the waterside, water is introduced and heated
by transference through the water tubes, converted to steam, and leaves the system as steam.

Boilers must maintain a chemical balance. The manner in which this is done can interact with
the feedwater control system. The amount of blowdown must be considered in the feedwater
control scheme, especially if the blowdown is continuous. Often, the blowdown flow is divided
by the concentration ratio times the feedwater flow. Continuous blowdown is the common
method for contolling the chemical concentration. On large boilers this may be done auto-
matically by measuring the boiler water conductivity to control the blowdown rate. The
blowdown rate may also be achieved by combining the conductivity with ratio control of
blowdown, ratioing blowdown to feedwater flow: In utility plants, conductivity is usually meas-
ured and blowdown is achieved manually. This is required on a periodic basis or when the
conductivity gets too high.

Conductivity is measured in micro mhos which is equal to the reciprocal of 1 mechanical ohm
(resistance). The other boiler system is the fuel air-flue gas system, also referred to as the
fireside of the boiler. This system provides the heat that is transferred to the water. The inputs
to this system are the fuel and air required to burn the fuel. The fuel and air chamber is also
referred to as the windbox. The outputs are the flue gas and ash.

STEAM

WATER
e STEAMWATER SYSTEM BLOWDOWN

e
FUEL »| MIXING OF FURNACE HEAT (ELEAS. 2

FUEL & AIR TRANSFER
SURFACE

AR ASH
an g R

Figure 1-1 Basic diagram of a boiler.
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2 Boiler Control Systems Engineering

Boiler Components

Note that in the boiler diagram, the steam goes to a header. This is common in industrial power
plants; however, in utility plants the boiler is directly connected to the turbine. The firing
demand in industrial plants is based on header pressure or drum pressure. Utility plants control
the firing rate on megawatt demand, or throttle pressure. The firing rate demand depends on

the particular system.

Furnace

The combustion chamber/furnace releases the heat and becomes the heat transfer system. There
are three T's required for combustion to take place in the furnace: time, temperature, and turbu-
lence. The control of the furnace draft is required to maintain a negative pressure in che furnace
in a balanced draft boiler. This pressure is defined by the boiler manufacturer. Negative 0.5 inches
is a common control point. The control set point may be raised during inspection rounds from
0.5 inches to 1.0 inches to minimize the possibility of flame coming out of inspection doors. Draft
pressure control setting is defined by the boiler manufacturer and environmental equipment.
Under certain conditions, the furnace pressure may be conmolled positive.

Fans

Figure 1-2 illustrates the basic components of a coal-fired boiler. The boiler consists of an D
(Induced Draft) fan and an FD (Forced Draft) fan. Large utility boilers may have two ID fans
and two FD fans. The ID fan pulls air through the boiler producing a negative pressure in the
turnace, thus creating draft control. The FD fan pushes air for combustion through the boiler.
On utility boilers, FD fans normally supply secondary and overfire (tertiary air) with primary
air (PAL) flow being supplied by the PA. fans. Industrial boilers often have separate fans for the
tertiary air as well.

Due to the 1990 Clean Air Act amendments, there is often emission control equipment such
as precipitators, bag houses, and sulfur dioxide scrubbers on the discharge of boilers.
(See Figure 1-3.) If environmental equipment is added, booster ID fans may be required. The
draft pressure control is defined by both the boiler manufacturer and environmental equipment.

Windbox

The windbox distributes secondary air to the burners. The windbox may have damper adjust-
ments to create turbulence to improve combustion.

Flue Gas Heat Exchangers

To reduce heat loss in the boiler flue gases and to improve boiler efficiency, heat exchangers
are added to the boiler to recover heat and to cool the flue gases.

Sonrce: Fisher Controls
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Figure 1-2 Boiler components.



4  Boiler Control Systems Engineering Boiler Fundamentals 5

Combustion Air Preheater

5
= o The combustion air preheater is one type of heat exchanger. (See Figure 1-4.) As the flue gas
§ (Dg 1y leaves the boiler, it passes through the combustion air preheater. The combustion air passes
< : : ; : L
e | SAYLS Lis through the air preheater heat exchanger before being mixed with the fuel.
: *
[T}
o B
. Sud o
w e O 265 WATER STEAM _
< ==z Z Q= ,j;. > .
2 5 [m} g % ) ﬁ E =2
15} o o o SEEZE > L4
iy o of : s5<5[ 255 -
=] Ealpd -
00<0QQkE x| =
Ciazi23306 e = 8 BOILER
z g
ez = g
[ | w s
g4 79 @ @
z 5 z b -
Ec3 S £
LGOI e AIR
i T 99 8 PREHEATER
W T @ m E o= - AlR = = FLUE GAS s
L ; o = A 2= = ”: L
Wy = 8 czold 9
= (I o ")
o= et | - 0. 49w = )
2o =152 mhE23g = AIR PREHEATER PURPCSE - PREHEAT COMBUSTION AIR
& w fa? <= wiy s g AND ABSORE ADDITIOMAL HEAT FROM FLUE GAS
o i E 5282 £
= ;
g o E E heC oo b
< w i} = i B A 3
% ( E - Figure 1-4 Simple boiler plus combustion air heater.
&
z
e &=
w o a - y s 3 : o
2 S |G . . Since the flue gas temperature is higher than the air temperature, heat is transferred from the
I — s e ) T < .
w i E@ = B g flue gas to the combustion air via the convection heat transfer surface of the combustion air
= o3 Q= E o 15} ) : -~ N . .
i - I reheater. This transter of heat cools the flue gas and thus reduces its heat loss and reduces the
= =1 2 S . preheater. This transter of heat cools the flue gas and th 1 ts heat 1 d red tl
5] Sx = = i : ; = : ; ¥ : :
g : \ & £z a Z % h = temperature of the air to the stack. The added heat in the combustion air entering the furnace
T = ] 3 h= . 3 . : 2 :
\ 5' « - g B g g % enhances the combustion process. This reduces the fuel requirement in an amount equal in heat
& % %c 2 W > value to the amount of heat that has been transferred in the combustion air preheater, thus
I I e % E 22 52 o i improving efficiency.
- 5> 9% =
@ g @ e ' By the use of an air preheater, approximately one percent of fuel is saved for each 40°F rise in
3 : :
= 2 the combustion air temperature.
@ 2 o i
i [
> 2e3 jogm
= =m0 oo
' 3z& 3z £ .
8 o8 A< conomizer
w 2 . . T .
2 Another flue gas heat recovery method is through the use of an economizer, The economizer
E 2 g heats the feedwater to improve boiler efficiency and reduce heat loss to the stack. The increased
W=s heat in the feedwater reduces the boiler’s requirement for fuel and combustion air. In the econ-
w omizer arrangement shown in Figure 1-5, the flue gas leaves the boiler and enters the
= economizer where it makes contact with the heat transfer surface, in the form of water tubes,

through which the boiler feedwater flows. Since the flue gas is at a higher temperature than
the water, the flue gas is cooled and the water temperature is increased. Cooling the flue gas
reduces its heat loss in an amount equal to the increased heat in the feedwater to the boiler.
Both types of heat exchangers are often used in large boilers.
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When both an air preheater and an economizer are used, the normal practice consists of passing
the flue gases first through the economizer and then through the combustion air preheater. (See
Figure 1-5.) Utility boilers normally have economizers and air heaters.

While economizers are used to recover heat from the flue gas, the use of Selective Catalytic
Reduction (SCR)) requires flue gas temperatures above a specified minimum temperature to
operate. To extend the range of operation of the SCR, the economizer surface may be bypassed
to raise flue gas temperatures at lower loads.

WINDBOX
AR ]
BOILER
FUEL —— —
FLUE
GAS
- ECONOMIZER el
Lol VANE
CONTROL BENTRLL
AIR l
PREHEATER |
t: J FLUE
GAS

FORCED
DRAFT FAN

INDUCED
DRAFT FAN
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Figure 1-6 has an upper and lower drum. Industrial plants commonly have both upper and
lower drums. The heating of the tubes initiates a natural circulation of the water. In some
large utility boilers, this circulation is not sufficient and a pump is installed to produce the
required circulation. The circulation of the water creates a cooling effect to keep the tubes
from overheating.

STEAM

STEAM

Y

Sy "N
FURNACE A///////( ."‘ FLUE GAS
] :
FUEL a ’ CIRCULATION
¢ \ .
AR ‘0.“‘ ",// /I

WATER

Figure 1-5 Economizer.

Superheater

The superheater provides additional heat to the steam to remove any moisture from the steam,
thereby improving the quality of the stearn. The dryness of the steam (in percent) is the deter-
mining factor of its quality When there is no moisture in the steam, the quality is 100 percent.

Boiler Drums

The boiler in Figure 1-2 does not have a lower drum. High pressure udlity boilers used for
power generation have only an upper drum.

Boilers may consist of an upper drum, or steam or water drum, and a lower drum, or mud
drum. The mud drum terminology comes from the function of the lower drum. Although the
water s treated to eliminate dissolved solids, some solids always remain in the water, These solids
collect in the lower drum, and a drum blowdown is required to remove the solids that collect
in the lower drum. The blowdown may be manual or automatic.

GAS BAFFLES

CIRCULATES

CLOCKWISE

Figure 1-6 Boiler drums.

Piping and Instrument Diagrams (P&IDs)

The purpose of P&IDs is to provide an initial design basis for the boiler. The P&ID provides
the engineering requirements to identify the measurements and functions that are to be con-
trolled. It may be used to define the number of nputs and outputs and may also consist of a
design basis check list (DBCL). The DBCL lists all the instruments and functions. Utility plants
generally define the control systems on Scientfic Apparatus Makers Association (SAMA) draw-
ings and do not have a P&ID, ’

By identifying the required measurements and control functions, an I/O count can be defined.
By defining the control functions, the memory requirements can be established. Memory and
[/O capabilities can be important in selecting a basic process control system and/or logic
system. Utility plants commonly use the term process control system (PCS).
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The controls system may consist of panel mounted instruments, a distributive control system
(DCS), logic system, or a combination. This also includes the amount of redundancy of both
measurement and final control elements.

The numbering system will be based on the standard for the plant. The ISA and SAMA letter
identification is used by most companies. ISA and SAMA identification letters are the same.
(See ISA and SAMA identification tables in the Reference section for more information.) The
letter configuration identifies the letter definition. For example, when T is the first letter, it rep-
resents temperature. T as a succeeding letter is a transmitter. The numbering will consist of the
identification letters, such as a PT, and the tag number. The tag number can consist of a system
or loop number. An example would be: PT 115 1001. The PT represents the pressure trans-
mitter, the 115 the systemn number, and 1001 the inscrument number.

In the examples on the design basis check list, the PT is a pressure transmitter. Note P is used
for both pressure and vacuum. PV is the pressure valve. V is used for valves, vanes, or dampers.
PIC is the abbreviation used for a pressure indicaring controller.

Design Basis Check List

The purpose of the design basis check list (DBCL) 1s to track the instrumentation.

Example of a design basis check list |

Type | Tag # | Service ; Model | Calibration |P&ID | Delivery | Spec Status
PT 1001 Draft Control | A 1234 | -4to+4 T\.;::‘:I'" A T D i
PV | 1001 Draft Vane |

PIC 1001 Draft Control | BPCS -4 1o +4 “we" :

The DBCL may have numerous columns including items such as SAMA drawings, logic draw-
ings, serial numbers, or any other items determined by the engineering and plant team.

The DBCL may be used as a relational dara base providing the ability to sort by categories such
as delivery status, hardware to determine missing itemns, hardware to determine spare require-
IMEents, Or ANy sort categories required.

CHAPTER 2

Control of Boilers

Control Strategies

There are basically five fundamental control strategies that are used in process control. They are:
simple feedback control, feedforward plus feedback control, cascade control, ratio control, and
feedforward control. In the control of boilers, all five of the fundamental control strategies are
used. Many companies show all controllers on drawings as PID controllers. This is because
vendor algorithms/function blocks for control are defined as PID controllers. Most control
loops are PT only, therefore that formart is used in this book.

Bumpless Transfer

The NFPA 85 Code requires bumpless transfer from manual to automatic. Before the devel-
opment of the DCS (distributive control systems) and electronic systems, it was the
responsibility of the operator to line up the set point and the process variable before transfer-
ring to automatic control. These systerns have the capability of the set point tracking the process
vartable so they are aligned when control is transferred to automatic control.

Simple Feedback Control

With simple feedback control, changes in the primary variable feed back to a control function,
as shown in Figure 2-1.The process variable is compared to the set point of the controller. The
differential between the set point and process variable generates an output signal to the manip-
ulated variable and adjusts the wvariable to bring it back to set point. The functon can be
proportional-plus-integral (as shown), proportion-only, proportional-plus-derivative, integral-
only, or proportional-plus-integral-plus-derivative.

In all these cases, the controller includes an error detector function, which measures the error
between the primary variable and the set point. Other terms are used such as process variable
or measured variable. The controller output is determined by a combination or summation
of the effects of the different control action capabilities that are built into the controller.
This can be gain, reset, derivative, or any combination of the three. These are the proportional
or gain multiplication of the error magnitude, the difference between the measured amount
and the set point, the integral action based on incremental time away from set point multi-
plied by error magnitude, and the derivative or rate of change of the measured variable.
Derivative action is not represented in the SAMA drawing examples, although it may be used.

Control of Boilers 9
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PRIMARY VARIABLE

&L A

Pl PROCESS

MANIPULATED VARIABLE

Figure 2-1 Simple feedback control.
Note: See Reference section _for explanation of SAMA symbols.

Derivative action should only be used when there is dead time or a slow responding process
such as temperature control. A change in the controller output changes the manipulated
variable, which through action of the process, changes the process output selected as the
primary variable. The manipulated variable may also be referred to as the process variable.
For drum level control, the manipulated variable is the water flow. On draft control, the manip-
ulated variable is typically the ID fan vane or damper and may be ID fan speed control or a
combination of vane or damper and speed.

More detail on how proportional, integral, and derivative action function is covered in con-
troller tuning.

Feedforward plus Feedback Control

In feedforward-plus-feedback control, a secondary variable that has a predictable relationship
with the manipulated variable is connected. (See Figure 2-2.) In this case, a change in the sec-
ondary variable causes the manipulated variable to change In anticipation of a change in the
primary variable. This reduces the magnitude of the primary variable change due to the more
timely control action that originates from the secondary variable. The feedback portion of the
loop contains the set point and can contain any of the controller functions of the basic feed-
back loop. The feedforward gain is adjustable.

Basically, the feedforward portion of the control leop minimizes upsets and keeps the process

at the desired set point.
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PRIMARY VARIAEBLE

\Z°

SECONDARY VARIABLE

| PROCESS
XD
/100 \

MANIPULATED VARIABLE

Figure 2-2 Feedforward plus feedback control.

Cascade Control

Cascade control consists essentially of two feedback control loops connected together with the
output of the primary loop acting as set point for the secondary loop. (See Figure 2-3.) Cas-
cade control is applied to stabilize the manipulated variable so that a predictable relationship
between the manipulated variable and the primary variable can be maintained.

To avoid control instability due to interaction between the two feedback control loops, it is
necessary that the response time constants be substantially different. Process response of the sec-

PRIMARY VARIABLE

_®.7

sp 1 SECCNDARY VARIABLE

@ A |
I A PROCESS

Pl

X

fx) s

MANIPULATED VARIABLE

Figure 2-3 Cascade control.
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ondary control loop should be the faster of the two. A general rule is that the time constant of
the primary loop process response should be a minimum of 5 to 10 times that of the secondary
loop. The longer time constant of the primary loop indicates a much slower response. Because
of this, a normal application would be temperature control (a normally slow loop) cascading
onto flow control (a normally fast loop). Other suitable candidates for cascade control are tem-
perature cascading onto pressure control and level control cascading onto flow control.

Ratio Control

Ratio control consists of a feedback controller whose set point is in direct proportion to an
uncontrolled varfable. (See Figure 2~4.) The operator of the process can set the proportional
relationship, or another contraller, or a feedforward signal can automatically adjust it. When
boilers burn multiple fuels, air requirements for the different fuels may vary. Ratio control is
used to rato the quantity of air required for different fuels.

UMNCONTROLLED VARIABLE

CONTROLLED VARIABLE

<¢\>I*X*[__~> A PROCESS

MANIPULATED VARIABLE

Figure 2-4 Ratio control.

As shown, the mathemartical function is a multiplier. If the ratio is set, the set point of the con-
trolled variable changes in direct proportion to changes in the uncontrolled variable. If the
multiplication is changed, the direct proportional relationship, or ratio between the controlled
and the uncontrolled variable, is changed.

Maost bailer control applications will consist of an overall control system in an interconnected
matrix of the five types of control.

Feedforward Control

Feedforward control is used in a number of configurations to improve process control. In feed-
forward control, a measured variable is used to detect a process change in the system. The
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measured variable sends this information to a feedforward controller. The feedforward controller
determines the required change in the manipulated variable, so that when the effect of the change
is combined with the change in the manipulated variable, no change occurs in the controlled
variable. This perfect correction is difficult to accomplish. Feedforward control has some signifi-
cant problems. The configuration of feedforward control assumes that the changes are known in
advance, that the changes will have transmitters associated with them, and that no important
undetected changes will occur. Steam flow is used as a feedforward signal for the set point of an
O, analyzer, or the signal fiom a fuel flow can be used to set a fuel air ratio. (See Figure 5-3 in
Chapter 5.) Feedforword can be used to add derivative to increase pulverizer coal feed.

Controller Tuning

There are a number of procedures for tuning controllers. There is Defaulr Tuning, SWA.G.
tuning, Ziegler Nichols, Lambda, and self tuning. Some startup engineers still use the trial and
error or S.W.A.G. method.

Self tuning controller algorithms are now available for insertion into control systems. Such con-
trollers automatically compensate the controller tuning as process or boiler conditions change.
Adaptive tuning can also be implemented from load or some other variable of the process.

“Lambda tuning was originated in the synthesis design method whereby the conutoller must
cancel out the process dynamics. In more technical words, given the transfer functions of the
components of a feedback loop, synthesize the controller required to produce a specific closed-
loop response (loop in automatic). The simplest achievable closed-loop response is a first-order
lag. This response was originally proposed by Dahlin (1968), who defined the tuning param-
eter with Greek letter LAMBDA, to signify the time constant of the conurol loop in autormnatic,
hence the name Lambda Tuning. Lambda Tuning produces a first order, non-oscillatory
response to a set point change. This is done by selecting the desired time constant on automatic,
Loops tuned using Lambda Tuning will minimize (or eliminate) over-shoot, have great flexi-
bility, and present repeatable results, This method is becoming more popular as more uniform
products are required, minimum variability is demanded, and stable processes are needed”!

To demonstrate the various tuning modes the Ziegler Nichols method is used. In 1942, Ziegler
and Nichols were the first to propose a standard method for tuning feedback controllers. After
studying numerous processes, they arrived at a series of equations that can be used for calcu-
lating the gain, reset, and derivative values for feedback control loops. They developed two
methods. One is referred to as the ultimate method because it requires the determination of
the ultimate gain (sensitivity) and the ultimate period for the control loop. The ultimate gain
is the maximum allowable value of gain for a controller with only a proportional mode in
operation for which the closed loop system shows a stable sine wave response to a disturbance.

The second method developed by Ziegler and Nichols for tuning control loops was based on
data from the process reaction curve for the system under control. The process reaction curve
is simply the reaction of the process to a step change in the input signal. This process curve is
the reaction of all components in the control system (excluding the controller) to a step change
to the process.

! Tom Daorsch, “Lambda Tuning: An Alrernative to Ziegler Nichols,” Decernber 1997 Fisher Controls.
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The ultimate method is also referred to as the quarter decay tuning, (See Figure 2-5 and Table
2-1 for the equations.) This method requires defining the Su and the Pu. (See Figure 2-6.) Su
is ultimate sensitivity and is the gain or proportional band that creates a continuous sine wave,
steady state output as indicated on the center graph in Figure 2-6.This is determined with the
reset/integral turned off. Pu is the ultimate period or time between the peaks of the steady state
sine wave in Figure 2-6.

Process response curve 1/4 decay

CUTPUT
)

alb=1/4

&= TIME

Figure 2-5 Ziegler Nichols tuning.

The ultimate method is used in the examples because it is easy to understand and demonstrates
the difference between proportional/gain, reset/integral, and derivative control by using PC-
ControLAB 3, a software traming program developed by Harold Wade Associates and sold by ISA.
The top diagram in Figure 2-6 demonstrates an unstable response. In this diagram the output
variations become larger and larger. The bottom diagram demonstrates dampened response. In
this disgram the outpucs become smaller and smaller. With cthis method there is overshoot. In
some cases, it is important to tune the system so that there is no overshoot.

The center diagram demonstrates a stable response. From this diagram we can determine the
Suand the Pu.In these equations, gain is used and the integral is in minutes/repeat. Some ven-
dors use repeats/minute instead of minutes/repeat, or proportional band, instead of gain.

For any feedback control system, if the loop is closed (and the controller is on automatic), one
can increase the controller gain, during which time the loop will tend to oscillate more and
more. [f the gain is further increased, continuous cycling, or oscillation in the controller vari-
able, will be observable. This 15 the maximum gain at which the system can be operated before
it becomes unstable; therefore, this is the ultimate gain. The period of these sustained oscilla-
tions is called the ultimate period. If the gain is increased further sdll, the system will become
unstable. These three situations are Hustrated in Figure 2-6.

! Proportional-Plus-Derivative
[Ke =0.85u
| Td = Pu/8
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Table 2-1 Tuning terms/equations

Terms are:
Ke = gain Pu = ultimate period
Ti = integral, reset (Time integral) Su = ultimate sensitivity

Td = derivative (Time)

Equations are:
Proportional only Figure 2-6 a

Ke =0.5 Su 0.5x9 = 4.5 gain

Proportional only
Ko =0.55u

roportional-plus-reset Figurs 2-6 b
Ke=045Su 0.45 %9 = 4.05 gain
Ti = Pu/1.2 min/rpt 7.5/ 1.2 = 6.25 reset

Proportional-Plus-Resat
Ke = 0.45 Su
Ti = Pu/1.2 min/rpt

Proportional-Plus-Reset-Plus-Derivative
Figure 2-6 ¢

Ke = 0.8 Su 0.6x9 =254 gain
Ti=0.5Pumin/mt 0.5x7.5=23.75resat
Proportional-Plus-Reset-Plus-Derivative Td = Pu/8 7.5/ 8 = 0.94 derivative
Ke = 0.6 Su

Ti = 0.5 Pu min/rpt

Td = Pu/8

| Using the equalions Su = § and Pu = 7.5 minutes

_;ifrom Figure 2-6.

Determining Gain, Reset, and Derivative

To determine the ultimate gain and the ultimate period, remove the reset and derivative action
from the controller by setting the derivative time to zero and the reset time to infinity, or tarn
the reset off. PC ControLAB 3 provides the ability to turn off the reset by going to tine
options and turning off resec.

With the controller in the automatic mode, the loop closed, and the gain set at 12, an upset is
imposed on the control loop and the response observed. The easiest way to impose an upset is
to change the set point by a small amount. If the response curve produced does not dampen
out and is unstable (top of Figure 2-6 - unstable response), the gain is too high.

With the gain set to 3, an upset is created. If the response curve dampens out (bottom of Figure
2-6 - dampened response), the gain Is too low. The gain was increased and upsets repeated
untl a stable response was cbtained.
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OUTPUT
I

UNSTABLE —
= Nl
RESPONSE

Fig. 2-6a

= TIME
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RESPONSE \/ \/
Fig. 2-6 b
I
DAMPED
RESPONSE \-//-\\_j —
Fig.2-6¢

Figure 2-6 Typical control system responses.

When a stable response is obtained, the values of the ultimate gain (Su) and the ultimate period
(Pu) of the associated response curve should be noted. The ultimate period is determined by
the time period between successive peaks on the stable response curve. The ultimate gain (also
called the ultimate sensitvity or Su) is the gain setting of the controller when a stable response
is reached (center of Figure 2-6 - stable response).

Using PC-ControLAB 3, the stable response is achieved with a gain of 9, and the tme
from peak to peak is approximately 7.5 minutes. The 7.5 minutes is the peak to peak time on
Figure 2-7. The cycle is generated with a gain of 9 and no reset (reset turned off).
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Gain vs. Proportional Band (PB)

Gain and proportional band are used as tuning terms. Gain is the reciprocal of proportional
band. Proportional band (PB) is in percent.

Prop Band = 100 / Gain
Gain = 100 / Prop Band

Examples: IfGainis2,PB =14 = 05X 100 = 50% PB or 100% / 2 = 50%
If Gainis 0.5,PB = 1 = 2 X 100/0.5 = 200% PB or 100% / 0.5 = 200%

RCPC&ES per minute vs. minutes per HZPEZ{I.Z

Integral Action is minutes per repeat or repeats per minute. Repeats per minute is the
reciprocal of minutes per repeat.

Example: 0.5 Min/Repeat = 1/0.5 = 2 Repeats/Min

Figure 2-7 demonstrates a typical output variable.

e i e Ly oo e AT %
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Figure 2-7 Typical output variable.
Note: Only a small output cycle is required to determine the Su and Pu values.

Controller Actions

Gain/Proportional Action

When gain/proportional control only is used, there is a one-time step change based on devi-
ation from set point. A feedback controller with gain/proportional control only, may not
stabilize the set point. (See Figure 2-8.) Note the difference between the process variable (PV)
and set point (SP). For gain/proportional only control, the gain is 4.5 (see Table 2-1).
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Figure 2-8 Deviation between setpeoint and process variable.

Integral/Reset Action

Inregral action is time-based change in minutes and repeats the gain change undl the loop
stabilizes at set point. The tuning setting is in repeats per minute or minutes per repeat. Note
in Figure 2-9 with gain/proportional and integral/reset action, the measurement lines out at
set point in approximately 30 minutes. Also note the recovery on the second cycle is one
quarter of the first cycle. For gain/proportional plus reset control, the gain 1s 4.05 and reset is
6.25 (see Table 2-1).

Figure 2-9 Upset in return to recovery with reset.
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Derivative Action

When there is dead time or a slow reacting process, derivative can be added to improve control,
Derivative time action contributes an immediate valve/output change proportional to the rate of
change of the error. As the error increases, the proportional action contributes additional control
valve movement. Later, the contribution of the proportional action will have equaled the initial
contribution of the rate action. The time it takes for this to happen is called the derivative time.
Derivative action is applied to a process that is slow or has dead time. Note in Figure 2-10, with
the addidon of derivative, the measurement lines ou at set point in approximately 10 minutes for
gain. As was noted in Figure 2-7, only a small output cycle was required to determine the Su
and Pu values.

Figure 2-10 Upset in return to recovery with derivative action and reset.

The Ziegler Nichols method can be used on most process control loops; however, no one
method can be used on all control loops.

Figure 2-11 is an example of control of a process with randomly varying load and with PID
control and the tuning determined by using Ziegler Nichols tuning parameters.

Figure 2-11 Steady process variable with randomly varying load.
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Controller Actions Setup

There are many different functions required in design and configuration and/or pr_ogra.m_mjng
a control systern. Controller functions need to be determined. Controller fun{_:uonsrc;%n be
direct or reverse acting. A direct acting controller output increases as the PV (Process Variable)
increases, and a reverse acting controller output decreases as the PV increases. If the control
system is programmable, the systems engineer must make the sclccti_on.’f he failure mo_de of the
control valve or damper determines whether the controller is a direct or reverse acting con-
troller. Units of meastirf:m@nt are in percent or engineering units. When we think of the various
control signals such as the process variable or set points, we can define them as a percentage or

assign engineering units.

The Effects on Tuning

There are numerous things that affect the tuning of control loops. Son}e exam?lcs are: reac}ior]
time of process, process noise (furnace pressure, air flow), calibraton of transmitter (span of the
transmitrer), linearity of process (pH loop), linearity of final element, s_ptcd of response oi final
element (valves, dampers), valve sizing and valve hysteresis. The a.dditzml'x Of. a valve positioner
can improve control by providing valve position repeatability for a specific input.

& H - . 7 1
Temperature control would be an example of a slow responding process. Flow control would

be an example of a fast responding process.

Calibration Effect on Gain

Example:  Span of transmitter

0-2000 psi 4-20 ma = 125 psi/ma
1000 to 2000 psi 4-20 ma = 62.5 psi/ma
Note, the span is one number and calibration range is two numbers,

Using engineering units in this example, the span of 0-2000 is two times_ that of thlc span 1000-
2000, Therefore, the gain would be two times greater than when cahbratcd.wnh a span of
0-2000 psi. This is a common problem particularly on high pressure boilers. With a wide span,
2 control output may cycle and vet the process appears to be steady.

There is no one method of control tuning that is best for all process loops. Different types of
processes control valves or dampers, vendor control algorithms or function blocks can maks

this impractical.

Transmitters

Each control loop should be reviewed by a risk analysis to determine if a redundant transmiteer
i - - TR ..: Y. NPV,
ransmitter or switch device redundancy should be provided to the

or switch is required. Fie ) _ !
extent necessary to achieve desired systemn reliabilicy. When two transmitters or switches are
J o 5 : ;!
employed, excessive deviation between the devices must be alarmed and the associated control
Fies
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loop transferred to manual When three transmitters are employed, excessive deviation between
the transmitters must be alarmed. A median select signal is required by the NFPA 85 Code for
furnace pressure measurement and is commonly used when there are multiple transmiteers.

When writing specifications for transmitters or switches, it is important to include calibration
range and span. Also include materials of construction, especially the wetted parts. For trans-
mitters consider the effect on tuning control loops. If the span is significant, the gain on the
controller may be difficult to set.

Redundancy

When two transmitters or switches are employed, it may be configured as 1-0-0-2 — one out
of two. This is called redundancy. Two protective circuits are operating essentially in parallel.
A single point failure will disable one of the two circuits while the redundant circuit continues
to provide the needed protection. A failure detection mode such as no output must be defined.

When two transmitters or switches are employed, it may be 2 2-0-0-2 — two out of two. This
is not redundancy, because a single point failure in either circuit will cause an output tripping
action. This allows no fault tolerance, et has two circuits required to hold. Where 1-0-0-2
might be a parallel circuit (normal operation energized with de-energize to wip), 2-0-0-2
would be a series circuit. If two flame detectors are required to see flame, or the boiler will
trip, this is 2-0-0-2. This demonstrates that it is possible to have a 1-0-0-1 circuit with a
2-0-0-2 portion, a 1-0-0-2 circuit with a 2-0-0-2 portion, or a 2-0-0-3 circuit in which
a critical portion is 2-0-0-2.

When three transmitters or switches are employed, it could be configured as 2-0-0-3 voting.
This could be called triple redundancy. In this type of interlock systemt, the output of two out
of three individual interlock circuits must agree to hold in a circuit in monitoring normal oper-
ation. If two out of three agree to trip, tripping action will trip the process equipment device.
Any single point failure involving the interlock devices will not trip the operating equipment.
A maximum of two such failures will trip, just as a minimum of two good circuits will allow
continued operation.

Three transmitters or switches 2-0-0-3 could be configured voting with fault tolerance. While
this type of system requires two out of three voting to keep process equipment operating, more
than two single point failures in separate circuits can be tolerated. For example, if the total cir-
cuit is made triple redundant and each circuit broken into three sequential parts, 27 separate
potential pathways in 9 circuit segments exdst,

interlock Circuitry

One, two, or three transmitters may be required. When only one transmitter is employed, it is
referred to as 1-0-0-1 — one out of one. In this configuration, a single circuit with a single point
failure in the system will cause an output action. The circuit itself should be designed so that
any cutpur action is always safe (e.g., shurdown the equipment). ASME recommends median

select. The NFPA 85 Code requires median select for furnace pressure measurement.
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Final Control Elements

All final control elements are to be designed to fail safe on loss of demand signal or motive
power, Le., open, close, or lock in place. The fail safe position must be determined by the user
and based upon the specific application.

S A R
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CHAPTER 3

Furnace Draft

Pressure Fired Boilers

A pressure fired boiler does not have an induced draft fan and may operate under a positive
pressure over some portion or all of the load range. In this type of boiler, the furnace pressure
varles as the load is changed due to the variation in draft losses with respect to boiler load. As
the firing rate increases, more air is supplied by the forced draft (FD) fan increasing the pres-
sure in the boiler furnace.

Figure 3-1 represents the physical arrangement of a pressure fired boiler system. A key point
with these boilers is that the furnace must be airtight and the flue gastight. This is necessary so
that the very hot flue gas of the furnace cannot leak to the atmosphere. A small leak under such
circumstances will deteriorate the material around it, eventually destroying the furnace walls
and creating an operational hazard. Furnaces for pressure fired boilers are made pressure-tight
with a welded inner casing or seal between the furnace wall steam-generating tubes and have
a sealed window to observe the flame and furnace conditions.

FUEL

WINDBOX

INLET VANE
CONTROL

h 4

BOILER

2 ,

FORCED DRAFT FAM

STACK

Figure 3-1 Pressure fired boiler.
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Balanced Draft Boiler Fans

The fireplace in our homes is an example of a natural draft system. As heat rises, the draft is
created by the natural heat rise to the outside air. There is no fan forcing air into or out of the
fireplace. Utility and industrial boilers require some form of mechanical draft, which is pro-
duced by the combustion air fans. Balanced draft boilers consist of an FD and an induced draft
(ID) fan(s). An FD fan, or air blower, takes suction from the atmosphere and forces combus-
tion air through the system.The ID fan is located at the end of the boiler flow system path and

akes its suction from the boiler flue gas stream, discharging the flue gas to the stack. Large
utility boilers may have two FD fans and two ID fans. For an additional definition of fans, see
the section on boiler components.

Furnace Pressure Control

Control systems are divided into furnace, drum level feedwater, fuel air, and temperature
control (see Figure 3-2). The first system 1s furnace control.

INPUT OUTPUT .

DRUM LEVEL FEEDWATER

&

FUEL DEMAND| FIRING ¥
RATE -«
AIR DEMAND | DEMAND 4

STEAM TEMPERATURE ©
CONTROL

&

Figure 3-2 Block diagram of beiler control - furnace control.

The purpose of pressure control is to maintain a constant pressure in the boiler furnace. In most
boilers, negative furnace pressure preventss flame excursions and helps avoid an external fire to
the boiler or injury to personnel. The span of the transmitter may have an effect on the tuning,
as well as maintaining good draft control. If the calibration range is =10 to +10 inches we, the
span is 20 inches we. Referring to a 4-20 ma signal 4-20 equals 1.25 inches wc per ma. If the
calibration range is minus 2 to plus 2 inches we the span is 4 inches. Referring to a
4-20 ma signal, 4-20 equals 0.25 inches we per ma.The narrow span will provide better control;
however, span varies with the type and size of the boiler. The control set point may range from
minus 0.5 inches in industrial plants to several inches negative in a udlity plant. Note: Some
utility plants may have a set point for positive pressure.

The furnace pressure control can be achieved by simple feedforward control. (See Figure 3-3.) The
ID fan(s) pulls air through the boiler, maintaining a negative pressure from the furnace to the
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outlet of the 1D fan. The typical boiler with draft control has inspection doors to observe the
boiler flame. Monitoring boiler functions may improve operation or detect a problem. Per-
sonnel must wear proper face protection when opening inspection doors.

FURMNACE PRESSURE (DRAFY) TRANSMITTERS

(SENSOR LOCATIONS)

SELECTION CIRCUITRY ‘

FURNACE
PRESSURE
SET POINT i1l

A

INCLUDE DRAFT FAN FINAL CONTROL DEVICE(S)

Figure 3-3 Furnace pressure transmitter.

The fan combinations available to the boiler system designer are FD plus stack; FD and ID plus
stack; and 1D plus stack. Tall stacks can produce furnace draft conditions that adversely affect
flame stability and could require special draft control provisions on some small industrial
boilers. The static pressure and flow characteristics of a centrifugal versus axial fan result from
the specific design of the particular fan. One way to reduce auxdliary power requirements is to
install variable pitch axdal flow fans in fossil power generating systems. At 100% unit load, aux~
iliary power savings using a variable pitch axial flow fan will be 4000 kW, or about 7% of the
total auxiliary power consumption. (Babcock & Wilcox. Stean. 40th Edition, The Babcock &
Wilcox Company, 1992. Ch. 23-22)

Furnace pressure conerol is required on balanced draft boilers. While either the FD fan(s) or the
ID fan(s) may be used to control the furnace pressure, the NFPA 85 Code requires that the ID
fan(s) be used. The FD fan(s) controls the air for combustion control. The NFPA 85 Code
requires the furnace and flue gas removal system to be designed so that the maximum head
capability of the induced draft fan system with ambient air does not exceed the design pres-
sure of furnace, ducts, and associated equipment. If the upper and lower limit of the furnace
pressure is minus 20 to plus 20 inches or greater, a separate transmitter may be required to
measure the range limits of the boiler furnace for high and low trip. The design pressure must
be defined the same as the wind and seismic stresses of SEI/ASCE 7-02, Minimum Design Loads

Sfor Buildings and Other Structures.
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A transmitter auctioneered median select scheme is to be used for control purposes. Furnace
pressure s to be measured with three furnace pressure transmitters, each on a separate meas-
urement tap.

Three furnace pressure transmitters in an auctioneered median select system with separate pres-
sure sensing taps and suitable monitoring are required to minimize the possibility of operating
with a faulty furnace pressure measurement. (See Figure 3-4.) It utilizes a feed-forward signal
characterized to represent the position of the forced draft control device(s). In a properly
designed and calibrated system, the output of the furnace pressure controller will remain near

its midrange for all air flows.
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Figure 3-4 Furnace pressure transmitters.

Figure 3-5 is a representation of an approach to the entire furnace draft control logic, including
implosion protection. The delta takes the difference between the set point and PV, and hi/lo
selectors limit the difference set by the K values.
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Figure 3-5 SAMA logic for furnace draft.

The furnace draft is controlled by modulating a vane(s) or damper(s) on the induced draft (1D}
fan or by adjusting the speed of the ID fan. There may also be a combination of both speed
and damper or vane control. Large utility boilers often have multiple ID and FID fans with vari-
able speed drives on the ID fan. Although the ID fan and FD fan are two separate loops, they
must be set up and tuned as a system.

In the draft control drawing (see Figure 3-3), the draft is controlled by single element feedback
control. As the firing rate demand is changed, the furnace pressure increases or decreases as the
FD fan(s) changes air flow to the furnace for fuel air control. In Figure 3-6 the furnace pres-
sure changes as the demand changes. If feedforward is added from the FD control output the
control can be improved as seen in Figure 3-7.

By controlling both damper and speed, the operating range of the damper is optimized. In
Figure 3-8, speed control is required for the damper to remain near its midrange.

A satisfactory non-interacting method of combining damper and speed control is depicted in
Figure 3-9. This is called split range or gap control. The positioners on the actuators are
adjusted to split the control signal range with overlap in the center of the range. The damper
control drive is adjusted to open the damper completely as the control signal changes from
0 percent to approximately 60 percent. The damper provides the best control in the overlap
area between 40 and 60 percent. The damper becomes less responsive as it nears the 100
percent open position. By combining the two in this portion of the range there is a some-
what uniform flow response over the entire range.
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Figure 3-6 Furnace draft control.
(Single-element feedback contral of induced draft fan.)
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Figure 3-7 Furnace draft control.
(Feedforward-plus-feedback control of an induced draft fan.)
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[f both speed and damper are controlled, Figure 3-9 depiets 2 method of controlling speed and
damper control.
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Figure 3-9 Damper and fan speed control-non-interacting method.



30 Boiler Control Systems Engineering

Another significant advantage is the reduction in horsepower as indicated in Figure 3-10.
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Figure 3-10 Variable speed fan characteristics — reduction in horsepower.

CHAPTER 4

Feedwater

Feedwater is the next section of a control system that will be discussed. (See Figure 4-1.)

INPUT jo J SOILER QUTPUT N

&

 DRUM LEVEL FEEDWATER

FUEL DEMAND| FIRING ¥
RATE =
AIR DEMAND | DEMAND 4

STEAM TEMPERATURE T
CONTROL

Figure 4-1 Block diagram of boiler control - drum level feedwater.

Once-Through Boilers

A once-through boiler can be thought of in terms of 2 long tube. Feedwater is pumped into
one end of the tube, heated along its length, and superheated steamn emerges out of the other
end. Most once-through boilers operate at super critical pressures with a throttle pressure
ranging from 3500 psig to as high as 5300 psig.

In drum-type boilers, the saturated steam leaves the drum and all superheat is added in the
superheaters, which have fixed heat transfer areas. Drum-type boilers have separate systems for
controlling combustion, feedwater, and steam temperature.

Once-through boilers have only one coupled, water-saturated, steam-superheated steam cir-
cuit. The total boiler heat transfer surface is divided into variable area boiler and superheater
heat transfer surfaces. During operation, there is a constant shifting in heating surface area. Con-
sequently, the steam temperature control and other boiler control functions must be

coordinated together.

Feedwater 31
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All such units have some form of flash tank for startup and low load operation. Bypass valving
systems isolate the turbine from the boiler during the initial part of the startup process; other-
wise cold water instead of steam could flow to the turbine. Boiler manufacturers have
proprietary arrangements for such flash tank and bypass systems.

In once-through boilers, the feedwater flow control is an integral part of turbine throttle steam
pressure and superheat temperature control. The pumping and firing rate system is a carefully
calibrated parallel firing rate and feedwater flow control system that has both flow controls
operating in the cascade mode.

This type of boiler can function in a very stable manner, with the firing rate demand on mamual
and the turbine maintaining the steam pressure with operation in the turbine following mode.
If the electrical load is correct, pumping is held constant and the fring rate is adjusted to the
point of stable set point steam temperature.

Due to the extreme interactions of ence-through boilers while on automatic operation, the
systern performance can be improved by using a control coordinator approach. In this system
configuration, combinations of inputs trim the firing rate and also wim the feedwater flow
pumping rate.

Drum Level Feedwater Conirol

Drum Level

The drum level must be controlled to the limits specified by the boiler manufacturer. If the
drum level does not stay within these limits, there may be water carryover. If the level exceeds
the limits, boiler water carryover into the superheater or the turbine may cause damage
resulting in extensive maintenance costs or outages of either the turbine or the boiler. If the
level is low; overheating of the water wall tubes may cause tube ruptures and serious accidents,
resulting in expensive repairs, down time, and injury or death to personnel. A rupture or crack
most commonly occurs where the tubes connect to the drum. When the drum level gets too
low, the boiler will trip to prevent damage to the tubes and cracks in the tubes where they con-
nect to the boiler drum.

Because of the critical nature of this measurement, a variety of devices are usually applied to
monitor the drum water Jevel. A drum may have sight glasses, electrode columns, and differen-
tial pressure-based indicators and transmitters. (See Figwe 4-2.)

Recommendations for the location of instrument and control equipment connections can be
found in the American Boiler Manufacturer Association’s (ABMA) Recommendations for Location of
Tnstrument and Control Connections for the Operation and Control of Waterfube Borlers.

The differential pressure-based level devices (and even most sight glasses) experience inaccura-
ciss in measurement when boiler steam drum pressure is not at its design value. These changes
in pressure can be overlooked on boilers operating at lower pressures but, for most boilers, cor-
rections must be made for the changes in accuracy. Figure 4-3 Is a graph showing reading
deviations.
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Figure 4-4 Typical drum level differential pressure transmitter connections.

On high pressure boilers, a condensate pot is necessary for the top connected water leg to stay
full of condensate. If the condensate level varies in the top connected leg, the drum level meas-
wrement will not be accurate. On low pressure boilers, a condensate pot may not be required.
Figure 4-4 is an example of the correct method of installing a differential pressure transmitter.
The correct installation allows the sediment to remain in the blowdown line without getting
into the transmitter.

The basic indication of the drum water level is that shown in a sight gage glass connected to
the boiler drum, The American Society of Mechanical Engineers (ASME] requires a direct
reading of the drum level. Due to the configuration of the boiler, and the distance the boiler

drum is from the operator, a line-of-sight indication may not be practicable. The gage glass -

image can be projected with a periscope arrangement of mirrots. (See Figure 4-3.)

[f the detection of the water level image is mechanically complex, or pracdcally impossible,
other methods of sighting may be necessary. One method is to use closed circuit television;
another method incorporates the use of a remote level indicator based on 2 fiber optics signal.
The indication it provides is usually in error to some degree and is not as correct asa properly
calibrated level measuring instrument. Condensate from cooling boiler steam circulates
through the gage glass. This cooling of the steam and its condensate results in cooler water in
the gage glass than in the boiler drum. The greater density of the cooler water in the gage glass
indicates a lower level than is in the boiler drum.
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Figure 4-5 Gage glass drum level indication.
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Figure 4-6 Drum level transmitter.
Figure 4-6 is a typical arrangement of a differential drum level measuring transmitter. The dif-

ferential transmitter output signal increases as the differential pressure decreases. (Note the
differential pressure connections.) The differential pressure range will vary between 15 and 30
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inches, depending on the size of the boiler drum, with a zero suppression of several inches.
On the high pressure side of the measuring device, the effective pressure equals boiler drum
pressure plus the weight of a water column at ambient temperature having a length equal to
the distanice between the two drum pressure connections. On the low pressure side, the effec-
tive pressure equals boiler drum pressure, plus the weight of a column of saturated steam having
a length from the upper drum pressure connection to the water level, and the weight of a
column of water at saruration temperature having a length from the water level to the lower
drum pressure connection.

Typically, for redundancy, there are three different methods used to measure drum level. (See

Figure 4-2.) In this example, the bull’s eye technology is a direct reading level measurement,
The differential pressure transmitter represents the level control measurement, and the probe
type sensor is a common method for level alarms and low and high level shutdown.

Feedwater Control

Some boilers utilize reasonably steady loads so that only drum level control from single element
drum level measurement is possible. Single element control is used on boilers during startup or
low load regardless of capacity or rapid load swings. Single element control has often been unsat-
isfactory because some of the newer boiler designs have minimum water storage compared to
the steaming rate of the boiler. A majority of the larger sized units and those subject to rapidly
flucruating loads require different methods of control. A two element system controlling the feed-
water control valve from the steam flow signal and resetting the drum level signal is able to handle
some of the less difficult systems. Larger units with small storage capacity related to throughput,
and units experiencing severe, rapid load swings, usually require three element control, whereby
water flow is matched with steam flow and reset from the drum level signal.

Single element drum level control measures drum level only. Thisisa simple feedback control

loop. (See Figure 4-7.)

DRUM LEVEL
STEAM

SP

Figure 4-7 Simple feedback control loop.
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Figure 4-8 Single element control action.

Mechanical single element control is proportional control only. While this may work satisfac—
torily in a toilet, it may not be satisfactory for a boiler. Adding a control system will provide
more efficient control but a single element control may not be sufficient. In Figure 4-8, the
increase in steam demand results in a boiler drum swell, causing a decrease in water flow when
an increase in flow is required. To reduce the upset, the reset action must be slow,

Transmitiers

A differential pressure transmitter is used to measure drum level. If the instruments used are
sensitive to density variation, then density compensation techniques must be employed. A mass
steam flow and water flow signal is required for both two and three clement control systems.
(For more information refer to ANSI/ISA-77.42.01-1999 (R2005) - Fossil Fuel Power Plant
Feedwater Control System — Drum-Type.) Observe the error due to density. (See Figure 4-3.)

The drum level control indicator scale for a 30 inch span would be -15 to +15 inches we with
zero as the controller set point. On higher pressure boilers typically above 1000 psi, 2 consid-
erable error in level measurernent at other than the operating pressures exist when a differential
pressure is used due to water density changes in the boiler drum.

The top boiler connection to the transmitter will be filled with condensate. As the drum level
increases, the two signals become equal, thus reading zero level when the drum level is at 100
percent. (See Figure 4-6.) By reversing the connections at the transmiteer, the signal to the
drum level controller may be reversed. The reading may also be corrected by calibrating the
transmitter. [t is also critical that the sensing line to the transmirter be sloped typically a half
inch per foot. This is to eliminate air pockets in the sensing lines which would cause improper
level readings.
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The mass of the water flow and the steam flow nust be regulated so that mass water flow equals
the mass steam flow to maintain drum level. The feedwater control regulates the mass water
flow to the boiler. The effects of the input control actions interact, since firing rate also affects
steam temnperature and feedwater flow affects the steam pressure, which is the final arbiter of
firing rate demand. The overall system must be applied and coordinated in a manner to mini-
mize the effects of these interactions. The interactions can be greatly affected by the control
systemn design. If the boiler operates under varying steam pressure, the calibration of the liquid
level transmitter will also vary with steam density.

i

Shl‘l[‘;k and .‘E';vl;el]

Shrink and swell must be considered in determining the control strategy of a boiler. During a
rapid increase in load, a severs increase in level may occur. Shrink and swell is a result of pres-
sure changes in the drum changing water density. The water in the drum contains steam
bubbles similar to when water is boiled. During a rapid increase in load, a severe rise in level
may occur because of an increase in volume of the bubbles. This increased volume is the result
of both a drop in steam pressure from the load increase and the increase in steam generation
from the greater firing rate to match the load increase (i.e., bubbles expand). (See Figure 4-9.)

SATURATED

FEEDWATER

WATER-MIXED STEAM BUBBLES

Figure 4-9 Shrink and sweil.

When there is a decrease in demand, the drum pressure increases and the firing rate changes,
thus reducing the volume of the bubbles (i.e., bubbles get smaller). A sudden loss in load could
result in drum shrinkage severe enough to trip the boiler on low level.
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The firing rate change has an effect on drum level, but the most significant cause of shrink and swell
is rapid changes in drum pressure expanding or shrinking the steam bubbles due to load changes.
The three element control scheme utilizes the steam flow and water flow to effectively main-
tain feedwater equal to steam flow: As load increases and decreases, the water flow will increase
or decrease. The drum level control is a slow responding loop.

When a single element control system is implemented, the level transmitter (LT) sends a signal
to the level controller. (See Figures 4-10 and 4-11.) The process variable (input signal) to the
controller is compared to the set point (SP).
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Figure 4-10 Single element control - drum level.
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Figure 4-11 Single element feedwater control (SAMA Symbols).
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Single Element Level Control
The outpur signal is modified and adjusts the final control device. The diagram for a P&ID
would typically be in ISA symbols. (See Figure 4-12.)
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Figure 4-12 Single element feedwater control (ISA Symbeols).

Two Element Level Control

The two element control scheme urilizes steam flow in addition to drum level. This is a simple £
feedback plus feedforward control system (see Figure 4-13) with a secondary variable that has
2 predictable relationship with the manipulated variable. The secondary variable causes the m FINAL CONTROL DEVICE
manipulated variable to change to the primary variable. The steam flow adjusts the feedwater

sont re based on ste: signal and the dr ller signal. As the steam fl g s
control valve based on steam flow signal and the drum level controller signal. As the steam flow Typical single slement éoritrol system. For simplicity, redundant

increases or decreases, the steam flow adjusts the cutput of the summer and directly sets the transmitters have not been shown on this typical control drawing.

feedwater final element. (See summer section for further discussion.)
If the conditions are ideal, as in Figure 4-14, the feedwater flow would be equal to steam

flow, and the level in the drum would be muaintained. If feedwater is not constant, as seen in
Figure 4-15, the changes in pressure would affect water control.

Figure 4-13 Two element feedwater control.

41
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The presentation of the diagram for a P&ID for two element control using ISA symbols is

s : depicted in Figure 4-16.
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Figure 4-14 Performance two element (ideal conditions).
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Figure 4-16 Two element feedwater control.



44 Boiler Control Systems Engineering Feedwater 495

Three Element Level Control

Three element control utilizes steam and water flow in addition to drum level. (See Figure 4-17.)
This is a simple feedback, feedforward, and cascade control loop. The steam flow adjusts the
feedwater control valve based on the steam flow signal and the drum level contoller signal. As

=
the steam flow increases or decreases, the steam flow adjusts the ourpur of the summer and W %Q o
directly sets the feedwater controller set point. By adding feedwater flow; the measured variable % E':( Do:
. s - L . . ol
is the feedback to the controller, therefore measuring what is being controlled. Control is c k& E% E - o
. : . L
improved by adding mass flow compensation to drum level, steam flow, and water flow. poo E& [o)e)] - E O
< g £ =2 °E 2z=
. Y - s : s L == = i}
The presentation of the diagram for a P&ID for three element control using ISA symbols is LJDJ E O =w Loo
depicted 1n Figure 4-18. 1 w - K 4 é
o
Three element feedwater adds the feedwater flow measurement to the control loop. The sig- O ®_’ > > o — o
: : : e ; ] e X
nificant advantage is measuring what is being controlled. By measuring the feedwater flow and T < o = 2
g i 3 - '. S = . -
controlling it to a flow set point, the feedwater equals steam flow to maintain drum level over pred g
the boiler control range. The controlled variable water flow is measured. The desired feedwater = E ©
is maintained and overrides shrink and swell and variations in feedwater header pressure. o - °
= w o]
w =<t w H
r? ]
. . = D @
Control System Configuration o) < L& 2
J o
et : 2 : 3 : - = = =
The drum level controller is configured to be either a reverse or direct acting controller. This = L cO 5
= : : : - >
depends on the configuration of the final control device and the fail safe mode of the control T w e E
ke ” _— 3 ) $ o
valve. If the control valve fails closed, the controller is configured to be a reverse acting con- | o 35 = 2
- o - - . : . >
troller. If the control valve fails open, the controller is configured to be a direct acting controller. & % s o= o 11 9
i L —
The final control element may be a control valve, speed control, or 4 combination of both. i % —p E
o =
I~
Ll
Summer <
o
A summer occurs when two or more values come into an equation and the output equals the 5
. . 1 . -~ - {=1]
sum of the inputs in percent based on the K values. The functions are referred to as function T

blocks or algorichms. In Figures 4-17 and 4-18 the summer equation is used. Some companies
use multiplication or division equations. The summer can be configured using a basic summer
equation. The equations used will vary with the control svstems specified, including the
number of inputs. In the equation below, a, b, and ¢ represent inputs. Only two inputs are used
in Figure 4-18. This is a common type of equation that may have two or more inputs
depending on the vendor algorithm/function block.

STEAM
FLOW  TEMPERATURE
i f(x)
X
PRESSURE AND

TEMPERATURE
COMPENSATION

K (a) + K (b) + K (¢) * Bias = ourpur

A basic equation performing the same fanction should be available with most control systems.

Typical three element control system. For simplicity, redundant
transmitters have not been shown on this typical control drawing.

PRESSURE
f(x)

Considering two inputs to the summer, set both K values to 1. Set the bias to -50 percent. With
the drum level controller in manual mode and the drum level at the desired set point, set the
controller output to 50 percent. ¢
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The 50 percent output is offset by the -50 percent bias in the summer equation. Therefore, the
steamn flow signal input to the summer will equal the summer output. Considering a pound of
steamn equals a pound of water, the drum level would be maintained during all load changes.
Even though swell and shrink may occur on load swing, the steam flow modifies the feedwater
rate. The drum level controller becomes a trim controller adjusting the summer to bring the

level back to set point.
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Figure 4-18 P&ID for three element control using ISA symbols.
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CHAPTER S

Coal Fired Boilers

Coal fired boilers are the most commen boilers in power generating plants primarily because
of the overall cost of operation and the location of power plants relative to sources of energy.
Coal can be transported to sites where gas supplies are not available. However, new environ-
miental requirements are making the overall cost of burning coal higher due to the cost and
maintenance of monitoring and pollution control equipment. (For 2 brief tutorial on tossil fuel
power plant combustion controls, see Appendix A, Boiler Combustion Controls, based on
information taken from ANSI/ISA-77.41.01-2005, Fossil Fuel Power Plant Boiler Combustion
Controls.)

Coal fired boilers have specific problems that gas and oil fired boilers do not have. In addition
to the common hazards involved in the combustion of solid, liquid, and gaseous fuels, other
hazards related to the physical characteristics of pulverized coal, including Beu values, must be
addressed in the design of the firing systems. Coal bunkers and other enclosed spaces must be
designed to prevent accumulation of methane gas, a common cause of explosions and the pos-
sibility of spontaneous combustion resulting in fires in the coal pile.

Table 5-1 Fuel Btu Values per Pound by e
State aple >
o ) - ) Coal | Btu/lb
Variations of Bru values for coal are significant dependin, ~
a2 .7 | Alabama 13,500
on the state where the coal comes from. The variations in
Bru values have a significant effect on combustion control. llinois 11,200
Refer to Table 5-1 and Figure 6-14. | Indiana 11,300
o i | Kansas 10,950
i
ulverized Coal Fired Boilers KT 12.100
Pu?verized coal fired boilers are one of the TOSE COMMON [ Ohig 12,550
boﬂers used in utility plants; and are consmer@e?:l SR C I Fo—— 13850
improvement over stoker fired boilers. The firing rate _
response due to demand change is faster than stoker fired Colosdn 9,650
or fluid bed boilers. More mechanical equipment is | MNorth Dakota 6.940

required to pulverize the coal that is not required in stoker

fired boilers. Figure 5-1 is an example of a direct fired pulverized coal system. Because explo-
sions and fires are most likely to occur during start up, shut down, or after an emergency trip,
2 pulverized system and its components should be designed for continuous operation. The con-
figuration of the boiler does not have coal shut off valves. The NFPA 85 Code now requires
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difications to existing boilers require that they be installed.

QrE, 1O

coal shut off valves; theref

a burner management system (BMS) or a

Examples of modifications can include installing
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pulverizer, that feeder, or pulverizer and feeder, is to be automatically tripped. When a loss
of flame is detected, an audible alarm is required on each burner involved, and an operator is

required to visually inspect flame conditions to determine whether burner or pulverizer operation

When a loss of flame is detected on a predetermined number or arrangement of burners served
should be continued.
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The number and arrangement of burners for each pulverizer trip, showing the necessary loss
of flame to automatically initiate a feeder, or pulverizer and feeder, is to be determined by the
boiler manufacturer, as a function of the spacial arrangement of burners and the unit load. .
Under circumstances of operation where support between the operating burners does not |
exist, either from proven igniters or adjacent burners, loss of flame on an individual burner must

automatically initiate a trip of the feeder, or the pulverizer and feeder. i H 0 a Eg

FLRNAGE
PRESSUNE

To prevent settling of pulverized coal in burner pipes, and ignition of the coal, the transport
air velocity in all burner pipes must be maintained at or above a minimum value during oper- 2
ation, and while purging the pipes during shutdown. This predetermined value is established 55
by the manufacturer and verified by tests. The exception is during an emergency trip condi- |
tion when transport air must not be maintained and 2 control system is required to control
temperature. (See Figure 5-2.) The coal-air mixture temperature leaving the pulverizer must
be maintained within the limits specified by the pulverizer and burner manufacturer(s) for the
type of coal being burned. The heating of the coal removes the moisture from the coal and

improves boiler efficiency. i

CONNECTION

AR
FLOW

STEAM
FLOW
FEEDER

Figure 5-3 is an example of a control system for a pulverized coal boiler. The system has the
cross limiting/lead lag control to maintain the proper fuel air ratio. Pulverized coal udility
boilers are more complex than this diagram indicates due to the number of burners and
capacity, but the control strategy is often similar. There is derivative control on the output of
the boiler drum pressure. This feedforward control signal will improve the response time for |
the coal feed, which is a result of the dead dme berween a load demand change and a change |
in coal feed rate response. Steam flow is also a feedforward signal to the output of drum
pressure that will improve control. There is speed control and damper control on the FD fan.
By controlling the speed and damper position, the damper can operate in the most efficient
opening range for better control. The O, analyzer output is a feedforward control signal to air
flow. Some control systems include combustibles as feedforward control. There are risks in
combustible control due to the narrow band of potential control and the slow response time

of combustible analyzers. (See Figure 5-4.)

) JﬁT

Wi PULVIERIZER
CHEFERENTIAL

/]
Xy
Y P I
.
A
JATA
PULVERIZER
COAL FEEDER

DRAUM 1 PULVERIZER
PRESUHE DIFFERENTIAL A
j—

Ty

,__Ir
X[ a1,
]
[ 100\
PULVERIZER
COAL FEEDER

CONVERTER

HEAT
RELEASE

Raw Coal and Feeder

The raw storage bin supplies the coal to the feeder. The coal feeder provides the coal supply
to the pulverizer which grinds the coal into a fine powder. The changes in the rate of the feeder
and the pulverizer control the coal feed to the boiler, in turn, controlling the boiler firing rate.
The coal primary air fan blows the coal into the boiler. Hot primary air is used to remove some
of the moisture from the coal and transport the coal to the burner. It also contributes to the
combustion air being provided to the furnace.
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Figure 5-3 Control system for a pulverized coal boiler.
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To minimize explosions in the pulverizer or burner pipes, provisions must be made for cooling
down and emptying the pulverizers as part of the process of shutting down the associated
burners. Pulverized coal dust must be prevented from accumulating in pulverizer air ducts.
Methods must be provided to prevent the reverse flow of furnace gases into idle burners or
pulverizers. Pulverizers and pulverized fuel storage systems are required to be equipped with
an inerting system that is capable of maintining an inert atmosphere. If a pulverizer is tripped
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Figure 5-4 Excess oxygen and carbon monoxide relationship at various
loads for a gas-fired boiler.

Note: The curve for coal firing is similar to the one for gas.

under load, the system must be inerted and maintained under an inert atmosphere untl con-
firmation that no burning or smoldering fuel exists in the pulverizer, or until the fuel is
removed. When an inerting system is activated, proof of flow of the inert media is required.

Stoker Boilers

Stoker fired boilers were the first coal fired boilers and their control firing demand rate was
adjusted manually. Figure 5-5 is a chain grate stoker. The firing rate is controlled by adding and
decreasing fuel to the grate and also by adjusting the air entry under the grate. Figure 5-6 is a
control scheme for a stoker boiler. The control in this diagram is a fuel flow air flow control
system and the boiler firing rate demand is a gain and derivative control that will improve the
changes in firing rate demand.

Cyclone Boiler

The cyclone boiler was developed to burn a large variety of fuels including wood, bark, coal
char, refise, and petroleum coke. As a means of disposing of old tires, for example, cyclone
boilers have some of the same advantages as pulverized coal fired boilers, as well as some addi-
tional advantages. With cyclone boilers, there is a reduction in fly ash content in the flue gases.
Coal does not need to be pulverized but is crushed to approximately one-quarter inch. The
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Figure 5-5 Chain grate stoker.

R P

STEAM FLOW AlR FLOW

§ MASTER FIRING @ @
‘ HATE DEMAMND

i |
BIAS '

+
! EXTXB
i BOILER FIRING
RATE DEMAND

| +
— FLAMACE
DRAFT
BIAS B CONTROL
000 *

—
v
AN AR
OVERFIRE AlR  FORCED DRAFT

STOKER SPEED INDUCED DRAFT

FUEL/AIR
RATIO

B.

*Feedforward to furnace draft control {if required).

¢ Figure 5-8 Control scheme for a stoker boiler.

55

Sotce: The Control of Boilers, ISA Press 1991



Seurce: The Control of Boilers, 15 Press 1991

56 Boiler Control Systems Engineering

Firing rate demand

p.

To - firing rate,

steam ferm
FW. control

@
&
&
%
B =
ol ey =3
= by
= = B
o
3
w
L-., A%
- =
= =

1)
Lead/duct prass,
curvie
k
Operator
curve bias
To other cyclones

Load /0,

curve

Operatar

clrve bias
{m}

| fix) |
in

V. «—i + i
K|S

3
=1
a
o
@
@

1 set for

=
@
ol
&
@
=3
g & 2
o
=
g

z
ik
@

25 _____

Tertiary
air

AN

Secondary

de {f
X B

25%

K 0 3
i Primary i
air i i

Im

air
/ f(x} >

Temg, comp.
sec. air flow

Drive air to fuel

1
1
1
[}
1
a

e
(d}

1
1
1
]

Limnit
fuel o air

Cyclone §damand

[ T R S,

Total
fuel
other cyclones

Oiher teaders
¥ A- Connect to

Figure 5-7 Combustion control for cyclone-fired boiler.

ot

i

r—

Coal Fired Boilers 57

cyclone furnace is a smaller ancillary furnace that typically attaches horizontally near the
bottom of the main boiler furnace. Diameters of the main barrel range from five to ten feet.
Gravimetric feeders are used to control coal feed based on weight providing mass coal flow:
See Figure 5-7. Although gravimetric feeders are more common today, volumetric feeders are
also wsed for coal feed flow measurement. Air is controlled to each cyclone by a venture throat.
Centrifugal force throws the coal against the cyclone wall. The temperature in the cyclone
exceeds 3000°F, which melts the coal that forms a fluid slag on the cyclone walls. Heac is
released at extremely high rates and combustion is completed within the combustion space of
the cyclone, with approximately 15% excess air. The heat from the eyclone burners, in wrn,
supplies heat to the main boiler furnace. Sometimes, depending on the total boiler capacity, two

or mote cyclone furnaces are used.
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CHAPTER 6

Fuel and Air Control

The third system of a control system is fuel air control.

INPUT "O BORER QUTPUT

DRUM LEVEL FEEDWATER |+

Figure 6-1 Block diagram of boiler control - fuel air conirol.

One of the key components of the control is the ability of the fuel air control system to main-
win sufficient air proportional to fuel to eliminate the possibility of a fuel-rich condidon and
the possibility of an explosion. Consideration should be given to the effects of fuel, air density,
and temperature fluctuadons as related to the air flow and the performance of the fuel flow-
meter in regulating the fuel air ratio.

Many installations, particularly smaller units or units firing an unmeasurable fuel, utilize whar
is called a jackshaft positioning conwol system in which fuel and air are not measured.
(See Figure 6-2.) Figure 6-3 is a SAMA representative of a jackshaft positioning control system.
The controller firing rate demand signal positions both the fuel and air. Their relatonship
is maintained by holding the positions of the final operators in correspondence with each
other. Figure 6-3 is a parallel positioning system with no fuel or air measurement.

Every position of the fuel valve is assumed to represent a repeatable value of fuel flow, and 2
corresponding position of the air flow to represent a repeatable value of air flow. The air char-
acterization must be provided in the air damper drive, and sometimes on the fuel valve, so the
two final operators can track in proper sequence. A limited trim adjustment is provided in the
fuel air ratio starion to allow some modification of the initially calibrated fuel air ratio. This may
be accomplished automatically, but a manual station is the most common method.

Fuel and Air Control 59
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Figure 6-2 Mechanical positioning system.
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Figure 6-3 Parallel positioning with no fuel air measurement.

There are advantages and disadvantages to a parallel/jackshaft positioning system. Advantages
include its simplicity, reliability, responsiveness, and cost effectiveness. On a pneumatic system
with long transmission distances, for instance, parallel jackshaft positioning systems have been
successfully applied in some cases where metered flow loops are undesirably slow. In addition,
the rangeability of the system is high, limited only by the final operators.
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Since 1t is not based on a measurement, fuel air ratio control is not precise. It depends on other
parameters and is affected by varying fuel characteristics, fuel temperature, and/or pressure
variations, atmospheric conditions, etc. If these conditions are not held constant, the fuel air
ratio will be significantly affected. Also, this system cannot be applied to multiple burner instal-
lations. On out of service burners, air register position, system flow resistance, and consequently,
fuel flow rate, are all a function of the number of burners in service.

To overcome the inherent disadvantages, so-called metering systems are generally applied to
furnace control. Fuel and air are measured, and flow control loops are closed on these variables.

Mass air flow measurement must be a repeatable signal that is representative of the air entering
the furnace. When volumetric measurement techniques are employed and the air temperature
at the flow-measuring element varies 50° F (28° C) or more, the measured (indicated) flow
must be compensated for flowing air density to determine the true mass air flow rate. Control
systems must have the air characterized to fuel ro prevent the addition of excess fuel.

Automatic tracking must be provided for bumpless control mode transfer. The combustion
control, which responds to the boiler energy demand, must be accomplished by controlling
furnace pressure (balanced draft systems), air demand, and fuel.

It is a prerequisite for air control to be in automatic whenever fuel control is in automatic.
Provisions must be made to ensure that the automatic regulation of fuel will result in a fuel-to-
air ratio thar provides safe boiler operation. This includes limiting fuel flow or air flow under all
conditions to ensure fuel flow never exceeds the safe combustion limit the air flow will support.

Excess air is required at all loads to ensure proper combustion of the fuel entering the furnace.
The furnace should not operate at an oxygen level in the flue gas below the boiler or burner
manufacturer’s requirements. The exception is on low NO, control. Sub-stoichiomerric firing
for NO, control has no excess air in the burners.

Two basic approaches to metering systems are series metering and parallel metering. Figure
6-4 illustrates a series metering system referred to as fuel follow air. All differendal pressure
transmitter signals must be converted to a linear signal as depicted in Figure 6-4. The diagrams
with a differential pressure transmitter depicting flow in the following control schemes will
require square root extraction, which can be achieved in the wansmitter or in the BPCS.

In this system, the firing rate demand establishes the set point for the air flow controller, and
the air flow measurement establishes the set point of the fuel flow controller. Therefore, the
maintenance of fuel air ratio is provided on a measured metered basis. With this configuration
the fuel demand is never greater than the actual measured air flow. This is an important safety
consideration. Fuel follows air on load increase. There is no possibility of unburned fuel accu-
mulation. Since the air flow loop is usually somewhat slower responding than the fuel flow
loop, parallel tracking of the two occurs on load decrease.

Figure 6-5 illustrates another series metering system referred to as an air follow fuel scheme.
Structured identically to the fuel follow air system — except the fuel and air loops are reversed
— this series metering system has one advantage. [ts response is optimum because of the faster
response of the fuel loop.
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Figure 6-4 Fuel follow air series metering system.
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From a safety standpoin, this configuration 1s undesirable. As the load increases, fuel will lead
air. Also, fuel demand still has more fuel than air.

The better configuration for combustion control is developed in Figure 6-6. In this parallel
metering system, the firing-rate demand signal is applied in paralle] as the set point to two slave
flow control loops. One flow control loop monitors fuel and the other monitors air.
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Figure €-8 Basic parallel metering.

This system provides for stable, accurate control of energy input and fuel air ratio during
normal steady-state operation, but does not guarantee combustion safety during ransient con-
ditions or during certain predictable operating irregularities.

A parallel system incorporating a fuel flow interlock is llustrated in Figure 6-7. The interlock
is accomplished by inserting a low signal selector in the set point signal to the fuel flow con-
woller. The second input to the selector is controlled air flow: Thus, the demand signal for fuel
is either the firing-rate demand signal or the measured air flow, whichever is lower. With this
system, fuel demand can never exceed measured air flow and, on a load increase, fuel demand
must follow air demand. Fuel cannot be increased until air flow increase is proven through the
air flow measurement loop.

Figure 6-8 is a parallel metering system with air flow interdock. This is accomplished by
inserting a high signal selector in the set point signal to the air flow controller. The second input
to the selector is measured fuel flow. Therefore, the demand signal for air is either the firing-
rate demand signal or the measured fuel flow, whichever is higher.

With chis system, air demand can never be less than measured fuel flow: On a load decrease, air
demand must follow fuel. Air cannot be decreased until fuel flow decrease is proven through

the fuel flow measurement loop.
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Figure 6-8 Parallel meter air flow interlock.

Fuel and Air Control Gas Oil

Figure 6-9 is a parallel metering system incorporating both the fuel flow and air flow mter-
locks previously described. This scheme is referred to as a cross limiting or lead-lag
parallel-series metering system or flow interdocked system. Gas and oil control i depicted in
this conmrol scheme; however, the cross limiting control concept is commonly used for all fuels
and has been the standard for utility boilers since the 19605%.
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Figure 6-9 Firing single fuel/cross limiting.

First, the steady-state condition of this system is considered with all values in percent. The fuel
and air controllers, which provide proportional-plus-integral action, act to continuously hold
measurement equal to set point. Therefore, load demand, air flow set point, air flow measure-
ment, fuel flow set point, and fuel flow measurement are all equal. The two flow loops are set
in parallel.

On a load increase, the low selector rejects the load demand signal and accepts the air flow
measurement signal. Fuel flow demand (set point) becomes equal to air flow measurement.

At the same time, the high selector rejects fuel flow measurement and accepts the increasing
load demand signal. Air flow demand (set point) becomes equal to load demand. The system
acts as a series metering system with fuel following air.

On a load decrease, the low selector accepts the load demand signal, and fuel demand (set point)
becomes equal to load demand. Air demand becomes equal to fuel flow. Again the system is
acting as a series metering system, this time with air following fuel.

The advantage of this system is on a load increase. Fuel demand cannot be increased until an
actual increase in air flow measurement is sensed. On a load decrease, air demand cannot be
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decreased until an actual decrease in fuel flow measurement is sensed. On an inadvertent
decrease in measured air flow, the fuel demand is immediately reduced an equal amount.

Fuel and Air Control Characterization

On all control systems, the air must be characterized to the fuel. Figure 6-10 is an example of
what the output from the flow transmitters may look like. The air curve and the fuel curve
must match for cross limiting control to control the fuel air ratio. On an increase in demand,
the air increases first, modifving the set point for the fuel through the low select relay. On a
decrease in demand, the fuel decreases and the air set point is modified through the low select
relay. Note the air flow curve. When a vane or damper opens, the initial change in air flow is
greater than it is as the opening increases. The drive is characterized to linearize the flow

100 —~

% FUEL AND AIR FLOW

o 1 1
0 50 100
% CONTROL RANGE

A,B - BASIC FLOW CHARACTERISTICS OF CONTROLLED DEVICES
C.D— CHARACTERISTICS AFTER LINEARIZATION AND ALIGNMENT

Figure 6-10 Output from flow transmitters.

Figure 6-11 is an example of the characterization curve. This curve is developed during boiler
startup or at any time the fuel air ratio must be verified. The characterization of the air flow is
a very important function in a boiler control scheme. It can be very time consuming, but it is
important for safe and efficient operation of a boiler. This characterization is achieved by man-
ually firing the boiler and increasing the air at various firing rates. After the air is increased, the
fuel is slowly increased until a good flame is established. A good flame is achieved when the O,
is at the desired level with no combustibles. Change the air flow output to match the fuel flow.
The chart shows that with the fuel flow at 50 percent, the air flow is 37.5 percent. The output
from the characterizer must be changed to 50 percent. At 60 percent fuel flow; the character-
izer output must be changed from 45 percent to 60 percent.

ey
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Figure 6-11 Characterization curve.

This procedure is continued unal the firing rate of the boiler is complete. If the procedure is
carried out accurately, the fuel air ratio will be at the desired oxygen level over the full firing
rate of the boiler. Figure 6-12 shows that the first 50 percent of the boiler load typically will
have high excess air. This is because the minimum air flow is typically 25 percent and, in
general, all boilers require more excess air for complete combustion at lower loads. See Table
6-1 for a comparison of excess air to oxygen.

Excess air is controlled by measuring oxygen which is in direct correlation to it. When reducing
excess air, the optimum point is reached when an increment of excess air reduction (e.g., 0.1
percent oxygen) is equal to the loss from the increase in ppm of carbon monixide. Since the
flue gas temperature is higher at higher loads, the gain for 0.1 percent reduction in percent
oxygen is greater than at lower loads.

EXCESS AIR
(Feay)

. N

BOWLER LOAD
%)

Q S0 100

Figure 6-12 Excess air vs. boiler load.
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Excess Air to Oxygen

When flue gas or other inert gases are introduced to the secondary air or combustion air being
supplied to burners, a testing method must be used to demonstrate that the methods and
devices used provide uniform distribution and mixing. The oxygen content of the mixture
being supplied to the burners is not permitted to go below the limit specified by the burner
manufacturer, or as proven by tests to provide stable combustion. Means must be provided to
monitor either the ratio of flue gas to air or the oxygen content of the mixture.

Table 6-1 below gives the relationship of excess air to oxygen.

Table 6-1 Relationship of excess air to oxygen.

Gas
Excess Air 0 | a5 95 151| 213 | 283 | 362 | 450 | 556 | 67.8
| Oxygen O, | 0 1 2 3 4 | 5 6 7 |a Is |
| I I s |
No. 6 Oil
Excess Air 0 a7 9.9 157 | 222 | 205 | 37.7 | 47.1 | 58.0 | 70.7

Oxygen
Coal
Excess Air 0 49 102| 162| 229 | 304 | 388 485 | 595 729
Cxygen

A simple method for calculating excess air is:

21

(
Excessair% =K | ———8 —
o L21 - % oxygen

—1] x 100

The K values are K= 0.9 gas; 0.94 oil; and 0.97 coal.
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Multiple Fuel Control

The dual fuel cross limiting control in Figure 6-13 is used when the fuels are not fired simul-
aneously. The boiler must be shut down and started up on the alternative fuel. NFPA 85
requires 2 Bt of fuels being fired. This configuration does not sum the two fuels. This control
scheme is burning gas or oil, not both. A selector switch is required.
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Figure 6-13 Dual fuel cross limiting control.

Figure 6-13 is also a multiple fuel control system. This control configuration is used when fuels
are burned simultaneously, or for running fuel changes.

Some companies have gas curtailment contracts. When a company has a gas curtailment con-
tract, the utility company can limit the gas supply if the demand for gas is high. This normally
occurs in very cold weather. In the event of gas curzzilment, the company must switch o an
alternate fuel and not shut down the boiler. Typically, the alternate fuel is oil

To change fuels, the oil recirculation system is started to establish flow. If the oil is heavy, such
as #6 oil, it must be heated. Figure 6-14 is an example of a control system designed for mul-
tiple fuel burning and running fuel changes.

When multiple fuels are burned simuitaneously, a Bru summer is required o contzol the air
based on total Bru values of the fuel. In Figure 6-14, the Bru summer output is the total B
value of the fuels burned in the boiler.
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The Btu values of the gas and oil flows are not the same (see Figure 6-14); therefore, the scaling
of the fuels will be required in the Btu summer for the two fuels. If the Beu for gas is 1,100
scth, for 90,000 scf the Btu for gas is 99,000 K. If the Bru for #6 oil 1s 19,000 Btu/Ib, the Btu
for oil is 95,000 K Btu's. The K value for gas is 1 and the K value for oil is 0.96 (95/99 = 0.959
or 0.96).

The different air flow required for oil can be adjusted by the operator setting a ratio on the air
conmoller. In addition, the ratio may be adjusted with a feedforward forward signal from the
oil flow to the summer on the output from the air characterizer. The summer has three inputs.
The input from the characterizer will have a K value of one, and the input from the oil will
have a K value based on the air ratio difference of the oil versus gas (approximately 0.9).

A fuel controller controls the firing of the fuel. Typically, the primary fuel controls the boiler
demand and the alternate fuel is base-loaded. A feedforward signal is also sent to the air flow
demand from the secondary fuel in order to bias air flow for the secondary fuel. Boiler effi-
ciency is improved by measuring oxygen and using the output from the oxygen controller as
a feedforward signal to the air flow controller. To prevent a hazardous condition if the oxygen
analyzer fails, a limit on the output is required. Combustible analyzers are often installed as a
reference of percent combustibles with a high combustibles alarm.

The O, wrim conmoller output is another input to the air flow summer. This can have a value
of 1, if the output of the controller is limited. If the output of the controller is not limited, the
limit of the trim can be set by the K value of the summer. If the K value is 0.1, the limit is
10 percent. A low O, condition must be alarmed.

One method for transferring fuels is to place the secondary fuel in manual and bias the air to
prevent a fuel rich mixture from developing. The secondary fuel is slowly increased a few per-
cent at a time. The header pressure increases and the header pressure controller decreases the
primary fuel. This procedure is continued unul the fuel transfer is complete, then the secondary
fuel controller is placed in automatic/cascade control and the primary fuel is placed in manual
control. The NFPA 85 Code describes the transferring of fuels in more detail.

On utility boilers, the boiler demand from the front end sets a demand for fuel Bru/hr. The
firing rate master looks at the Btu/hr flows of the different fuels and adjusts the swing fuel to
meet the total heat input demand as the base-loaded fuel changes. Because air requirements are
different for different fuels, the air may also need to be adjusted.

Oxygen (0,)Trim Control

O, trim control is demonstrated in Figure 6-14 and Figure 6-8.The O, trim control is used to trim
the fuel air ratio due to a change in conditions such air density or fuel variations. The various
fuel Btu values are shown in Table 6-2.
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Tabie 6-2 Fuel Btu values per pound by state.

Gas Btu/lb Coal Btu/lb oil Btu/lb
Pznnsylvania 23,170 Alabama 13,350 Na. 2 Qil 19,170
South Carolina 22,904 Ilinois 11,200 19,750
Ohio 22,077 Indiana 11,300 No. 6 il 17,410
Louisiana [ 21,824 Kansas 10,850 18,990
Qklahoma 20,180 Kentucky 12,100

Ohio | 12,550

Pennsylvania 13,850

Colorado 9,650 |

North Dakota 6,940

Mutitiple Boilers

Some plants have multiple boilers supplying steam to a common header. The NFPA 85 Code
requires that each boiler with the same fuel supply have a manual isolation valve to isolate the
fuel supply. The Code also requires that each boiler has dedicated safety shutoff valving with
related alarm interlocks and control instrumentation. Figure 6-14 depicts a control system for
a single boiler with a sub-master to provide a means of adjusting the firing rate demand for the
boiler.

The ratio of the steam to a common header may be designed so that the waste fuel firing rate
is steady and not an off and on supply. Some boilers burn waste fitels to dispose of fuels derived
from plant production. Other boilers bring in waste fuels to reduce fuel costs. Plants have been
able to obrin fuels such as scrap wood that has been ground into chips, at little or no cost,
reducing the overall cost of steam generation. Each boiler should have drum pressure, steam
flow; and header pressure transmitters for monitoring operation of the boiler.

It is also important to track boiler efficiency, especially if a plant has more than one boiler. If
one of the boilers is less efficient than another, boiler load may be transferred to improve overall
efficiency. A computerized system that calculates boiler efficiency enables the operator to mon-
itor the efficiencies of each boiler and make manual adjustments, or have the computer make
load corrections, for the most efficient operation.

et R

CHAPTER 7

Steam Temperature

The fourth element of a control system is steam temperature control. (For a brief rtorial on
steam temperature control, see Appendix B, Steam Temperature Control, taken from
ANSI/ISA-77.44.02-2001, Fossil Fuel Power Plant Steam Temperature Control System — Once-

Through Type.)

QUTPUT

NpuT  F BOILER

A

———— DRUM LEVEL FEEDWATER [4—

ManD|  FIRING ¥
FUEL DE ANTE
AIR DEMAND DEMAND 4

 STEAMTEMPERATURE T [,
RO

Figure 7-1 Block diagram of boiler control — steam temperature control.

The function of the superhear temperature control system is to maintain superhc_:u: steanbx tem-
perature within the boiler manufacturer’s specified lirm'ts., Gcner?llg the goal is tc;l o ‘mlzloe;
specified final superheat steam temperature over the sp_euﬁed boiler-load rla_.ngc._’l" 3 Lolrl:r‘s
strategy must be based on the particular control mcchamsms used gxld E%‘lt: b0}]er nj.murac.t -
philosophy for controlling steam temperature. The suategles consist of spray water attempe

It, or 2 combination of these processes. Although the
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fit of constant steam temperature 1s
the amount of

tion, gas bypass, gas recirculation, burner ti
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the economy of conversions to mechanical energy and reducing
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; ; 11 result in damage to the turbines. Constant

moisture in the steam. Excessive steam moisture wi _ .
temperature control allows for smaller tolerances of the mechanical equipment.
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Superheat tubes heat the steam and remove moisture from the steam. The steam is controlled
to the desired temperature by cooling the steam with spray water, This process is referred to as
de-superheating. De-superheating controls the temperature of the steam by spraying water into
the steam line to reduce the superheated steam to the desired temperature. De-superheating
can be accomplished by one, two, or three element control.

Single element steam temperature control is the minimum control strategy required to regu-
late the steam temperature leaving the boiler. Single element control should only be used in
applications with slow load changes such as building heating systems, where constant steam
temperature is not critical, or when the steam demand has very little variation.

FINAL STEAM
TEMPERATURE

@ A
K

P
@0 M/A CONTROL A
STATION
0%
v
SPRAY
iNTERLOCK‘ i ’i LA 'i A ‘

SPRAY CONTROL VALVE SPRAY BLOCK VALVE

Figure 7-2 Typical single element superheat control.

Figure 7-2 is a typical simple feedback control, single element control systerns. The final steam
temperature is measured and compared to a set poing the result is used to regulate the spray

water flow. The spray interlock prevents the water injection if the steam temperature is not ade-

quace.

Two element steam temperature control adds a feedforward signal and a transient correction
signal to the single element control. As a minimum, the feedforward signal is derived from vari-
ations in steam load demand. This feedforward signal should recognize all major influences on
steam temperature, including adjustments to heat distribution within the boiler.
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A two element steam temperature control strategy should only be used in applications with
slow to moderate load changes or with a steady spray water pressure supply and fixed steam
pressure applications.

FINAL STEAM
TEMPERATURE
sp
TRANSIENT
CORRECTION : Pl
SIGNAL(S)

v

v
LOAD FEEDFORWARD Z
INDEX(ES) CALCULATION /
M/A CONTROL A
STATION

SPRAY
INTERLCCK

=
I
Lol

100%

SPRAY CONTROL VALVE SPRAY BLOCK VALVE

Figure 7-3 Typical two element superheat control.

Figure 7-3 is a typical feedforward plus feedback control system with a secondary variable and
a load index that has a predictable relationship with the manipulated variable spray water. The
final steam temperature is measured and compared to a set point, modified by the feedforward
caleulation, and the result is used to regulate the spray water flow:

Three Element Level Control

A three element steam temperature control strategy should be used in applications when there
are rapidly changing loads, variable steam pressures or variations in spray water pressure. Three
element steam temperature control adds a cascade confrol arrangement to the two element
control strategy for control of the spray valve. The two element control strategy acts as the set
point development for the inner control loop of the cascade control arrangement.
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FINAL STEAM TRANSMITTER
TEMPERATURE ~ FEEDBACK (NOTE 1)
T/
Fr
SP
TRANSIENT ::
CORRECTION Pl
SIGNAL(S)
¥ b4
LOAD FEEDFORWARD
INDEX(ES) ‘_’{ CALCULATION > l
Pl
o M/A CONTROL i A |
STATION
0%
v
SPRAY .
INTEHLOCKI A i (O ‘ | 2 " A I
0% 1 100%
NOTE 1:
ATTEMPERATOR @ @
QUTLET TEMPERATURE
QR SPRAY FLOW SPRAY CONTROL VALVE SPRAY BLOCK VALVE

Figure 7-4 Typical three element superheat contrel.

Figure 7-4 is a feedforward controller with cascade control. The process variable for the inner
control loop is a monitor of the spray action. Although steam temperature immediately after
the attemperation (de-superheating) is the preferred process variable, spray water flow also may
be used. At a minimum, the feedforward signal is derived from load variations. This feedfor-
ward signal should recognize all major influences on steam temperature, including adjustments
to heat distribution within the boiler. For variable pressures, a suitable feedforward signal must
be provided to reflect the influence of changes in the thermodynamic properties of steam on
the final steamn temperature.

Figure 7-5 outlines the control scheme for superheat steam temperature control. The spray
water is measured and based on the steam temperature. The water is adjusted to control steam
termperature to the turbine.

Single-stage attemperation refers to the boiler design that provides a single location for intro-
ducing spray water to regulate steam temnperature. This application is typical of boilers with only
a single superheat section or two superheater sections in series, commonly called the primary
and secondary superheaters. It is normal to have the spray attemperation take place in the
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headers between the two superheater sections or occasionally at the superheater outlet. Note
that a single attemperation location does not necessarily refer to a single set of spray equipment.
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In Figure 7-6, the temperature measurement is taken at the outlet of the intermediate super-
heater section before the second state attemperator. This is required in a two-stage attemnperator
control strategy. A pressure measurement 1s required in a two-stage attemperator control
strategy to prevent saturation following first-stage spray attemperation. Typically, this pressure is
measured at the inlet of the intermediate superheater; however, drum pressure may be used also.
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Figure 7-6 Temperature measurement taken at outlet of intermediate superheater section.

Steam Temperature 79

An attemperator spray water mass flow signal provides an alternative to the use of the attem-
perator outlet steam temperature as the secondary variable in a three element control strategy.

Superheating steam improves the quality of the steam by increasing its energy content. Mois-
ture content in steam can reduce the efficiency and may cause severe damage to a turbine,
resulting in power generation loss as well as turbine rebuilding and repairing expenses.

How far to go in providing instruments for indicating and recording temperarure and for
alarms depends on the steam generating equipment furnished and on the judgment of the
designer engineer. In a small installation with moderate steam temperature, a simple instrument
for indicating final steam temperature may be all that is necessary. For a large unit with high
steam temperature, where deviation from design conditions may cause serious loss in efficiency
or failure of equipment, instrumentation for all necessary functions should be provided.

The arrangement shown in Figure 7-7 serves as a basis for illustrating the need for, and the
functions of, a typical set of instruments. The most important consideration is the final steam
temperature, since satisfactory operation and safety of equipment beyond the boiler, as well as
protection of the superheater, depend on steam temperature. This measurement is also needed
for actuating the automatic control systern.

@ MANUALLY OPERATED SHUTOFF VALVES
STEAM SAMPLING CONNECTIONS

SUPERHEATER
R e e INTERMEDIATE HEADER
3 ey e e

DIFFERENTIAL
FIRST STAGE PRESSURE
SUPERHEATER GAUGE
THERMAL ATTEMP
ELEMENT SPRAY
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FEEDWATER GHEGIC
CONTROL BYPASS VALVE
VALVE
VALVE THERMAL A
METERING @ @ ELEMENT
orFice |\ | U N SECOND
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R SUPERHEATER
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Figure 7-7 Three-element control for spray attemperator.
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A high temperature alarm is recommended as an addidonal safety feature, even though the
careful attention given to final steam temperature by both boiler and turbine operators is usu-
ally considered sufficient protection.

Measurement of steam temperature with a low temperature alarm at the spray attemperator
outlet protects the second-stage superheater from the thermal shock of quenching by pre-
venting over-attemperation and the consequent discharge of saturated steam and water into the
hot superheater elements. Alternately, measurement of steam temperature with a high temper-
ature alarm at the firststage superheater outlet protects this stage from overheating should
slagging or other upset conditions alter the distribution of heat absorption between first and

second-stage superheaters to such an extent that the primary steam temperature becomes
excessive.

A steam-sampling connecton should be installed in the steam line between the steam drum
and the attemperator to check the purity of steam leaving the drum. It is also desirable to install

a steam sampling connection in the steam line, after the attemperator. This connection checks -

for leakage of boiler water into the line in the case of a submerged attemnperator or for exces-
sive solids carried over in the spray water of a spray-type attemperator.

Burner dlt is also used to control superheat. Combustion engineering uses the burner tlt con-
trol strategy. Powerful control drives are used to tilt the burners at angles approximately plus or
minus 30 degrees. Potentially, this is a total angle of 60 degrees, though it is often restricted
when the boiler is initially tested. It is important to have the tlt angle the same at all four cor-
ners to avoid distorting the fireball and compromising the controllability.

The burner flame 1s aimed at a tangent to an imaginary circle in the center of the furnace and
the burners in the four corners of the furnace are tilted at the same angle. This results in a fire-
ball in the center of the furnace which rotates and can be raised or lowered in the furnace by
changing the tilt of the burners. Lowering the fireball increases furnace heat absorption, which
lowers the flue gas temperature as it enters the superheater. Raising the fireball decreases the
furnace heat absorption and thus raises the temperature of the flue gases entering the super-
heater.

For a boiler that includes a reheater, the burner tlt control s used to control reheat tempera~
ture. If this can be done successfully, there is, in normal operation, no water spray to the rehear
section, and the unit thermal performance is not affected. This also means that water spray is
needed for superheat temperature control, and a water spray system is needed as a reheat tem-
perature override. The abnormal operating condition of low feedwater temperature from loss
of the high pressure heater is one case in which reheat spray may be required.

A position transmitter sends a tilt position signal to the superheat temperature control system.
If the superheat temperature is controlled with spray water, this signal is used as a feedforward
to automatically change the superheat spray as the burner tilt posidon 1s changed. This prevents
the burner tilt change, necessitated by the reheat temperature control, from causing a change
in the superheat temperature.
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CHAPTER 8

Burner Management Systems

Burner Management System (BMS) Control

The general term used for a safety system is burner management system (BMS). However, it
may also be referred to as a combustion safeguard, burner/boiler safety system, burner control
system, flame safeguard system, safety shutdown system, furnace safeguard supervisory system,
emergency shutdown system or a safety instrumented system (SIS).

The BMS is the system that monitors the fuel burning equipment during startup, shutdown,
operation and transient conditions. It is designed to present the status of all fuel burning equip-
ment to the operator in a concise format. The BMS initiates a safe operating condition or
shutdown procedure to prevent an explosion if an unsafe condition exists, thus protecting
equipment from damage and people from injury or death. The basic process control system
(BPCS) modulates fuel and air input to the boiler in response to load variations. The burner
management system essentially is an on/off control system that permits firing of a boiler at any
load when safe conditions exist. If an unsafe condition occurs, the BMS automatically shuts off
fuel or causes the boiler to go to a safe state.

NFPA 85 Code

The comments and information in this section are based on the NFPA 85 Boiler and Com-
bustion Systems Hazards Code 2004 Editon. This secton does not cover the entire Code, but
provides information on some of the most frequent questions that have arisen in my experi-
ences in the field.

The NFPA 85 Code applies to single burner boilers; multiple burner boilers; stokers; atmos-
pheric fluidized-bed boilers with a fuel input rating of 3.7 MW (12.5 million Bru/hr) or
greater; pulverized fuel systems; and fired or unfired steam generators used to recover heart from
combustion turbines (heat recovery steam generators, HRSG).

The purpose of the Code is to ensure safe operation and to prevent uncontrolled fires, explo-

sions, and implosions in equipment. The Code establishes minimum requirements for the
design, installadon, operation, training, and maintenance of boilers, pulverized fuel systems,
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HRSGs, and their systems for fuel burning, air supply, and combustion products removal. The
Code requires the coordination of operating procedures, control systems, interlocks, and struc-
tural design. The most common contributor to boiler explosions is human error.

It is important that the Code is not used as a design handbook. A designer capable of applying
more complete and rigorous analysis to special or unusual problems has the latitude in the
development of such designs. In such cases, the designer is responsible for demonstrating and
documenting the validity of the proposed design.

Purge Control

Purging is required before ignition of the first burner to clear any combusubles that may have
accumulated in the boiler and components. This is a critical tme before the lighting of the first
burner. Purge requirements vary with each boiler.

The multple burner boiler purge rate must not be less than 25 percent and not greater than
40 percent of design full load mass air flow for coal-fired units. The requirements for a cold
start are as follows. Multiple burner boiler unit purge must be completed by maintaining this
purge rate, from the forced draft (FD) fan through the stack, for a period of not less than five
minutes or not less than five volume changes of the boiler enclosure, whichever is longer. Prior
to being placed in operation, components (e.g., precipitators, fired reheaters) containing sources
of ignition energy must be purged for either a period of not less than five minutes or five
volume changes of that component, whichever is longer. Completion of the purge must be
indicated.

Single burner boiler purge air flow must reach no less than 70 percent of the air flow required
at maximum continuous capacity of the unit. The purge must be for at least eight air changes.
Air flow during the period of opening the damper and returning it to the light off position is
permitted to be included in computing the time for eight air changes.

Fire tube boiler purge air flow must reach no less than 70 percent of the air flow required at
maximum continuous capaciry of the unit. The purge of the furnace and boiler gas passes must
be for ar least four air changes. During the purge, the air damper must be driven to the full
open position. Air flow during the time to open the damper and return it to light-off position
is permitted to be included in computing the ume for four air changes.

Fluidized bed and boiler enclosure must be purged with no less than five volumetric air
changes but, in any event, for a continuous period of no less than five minutes under the fol-
lowing conditions. A freeport purge without air passing through the bed material must be
deemed as not meeting purge criteria. The purge must include the air and flue gas duct, air
heater(s), warm up burner(s). windbox(es), and bed(s). The purge is not to be less than 25 per-
cent of design full load mass air flow: Total air flow must not be reduced below the purge rate.

HRSG purge rate must provide the required velocity in the connecting duct and the HRSG
enclosure to ensure diludon and removal of combustible gases prior to turbine light off.

-
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Requirement for Independence of Control (Hardware/Software)

The burner management system must be provided with independent logic, independent input

and output systems, and independent power supplies. It must also be a functionally and physi-
cally separate device from other logic systems, such as the boiler or HRSG control system.

For single burner boilers, boiler control systems are permitted to be combined with the burner
management system only if the fuel air ratio is controlled externally from the boiler control
system (e.g., locked fuel air ratio with mechanical positioning-type system). Burner manage-
ment safety functions must include, but not be limited to, purge intedocks and timing,
mandatory safety shutdowns, trial timing for ignition, and flame monitoring. A logic system is
to be limited to one steam generator.

The same hardware type used for burner management systems is permitted to be used for other
logic systems. Data highway communications between the burner management system and
other systems is permitted. Signals that initiate mandatory master fuel trips must be direct wired.

Alarms are to be generated to indicate equipment malfunction, hazardous conditions, and
misoperation. The logic system designer must evaluate the failure modes of components, also
referred to as a risk analysis, and at a minimum, the following failures are to be evaluated and

1. Interruptions, excursions, dips, recoveries, transients, and partial losses of power
2. Memory corruption and losses

3.  Informaton transfer corruption and losses

4. Inpus and outpuss (fail-on, fail-off)

5. Signals that are unreadable or not being read

6.  Failure to address errors

7.  Processor faults

8.  Relay coil failure

9. Relay contact failure (fail-on, fail-off)

10. Timer failure

Note: Some items do not apply to all types of systems, e.g. relay systems.

The design of the logic system for burner management must include and accommodate the
following requirements:

1. Diagnostics must be included in the design to monitor processor logic functions.

2. Alogic system failure must not preclude proper operator intervention. A method
must be provided to shut down the boiler or go to a safe state in the event of a
logic system failure.

3. The logic must be protected from unauthorized changes. Logic is not to be
changed while the associated equipment is in operation.

4. The system response time (throughput) must be short to prevent negative effects
on the application.

5. Protection from the effects of noise must prevent fake operation.

6.  No single component failure within the logic system is to prevent a mandatory
master fuel trip.
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7. The operator must be provided with a dedicated manual switch(es) that will
actuate the master fuel trip relay independently and directly.

8. At least one manual switch must be identified and located remotely where it can
be reached in case of emergency.

Note: Some items do not apply to all types of systems, e.g., relay systems

Flame Detection

The NFPA 85 Code requires flame detection on all flames. The flame sensing detectors must
be self checking, either mechanically or electronically, if the detector can fail in the flame
proven mode. The failure of any single component cannot result in a false indication of flame.
The scanner configuration depends on the class of igniters.

Visible light, infrared (IR), and ultraviolet (UV) are the primary technologies used to detect
flame. In some applications, flame flicker is used in combination with IR and UV, UV flame
detection is primarily for gas service. IR flame detection may be used on fuels such as oil, coal,
and black liquor, as well as gas. In Figure 8-1 in the flame configuration, infrared and visible
light is 90 percent of the flame and ultraviolet is between 1 to 10 percent of the flame. When
sighting the flame, the flame detector must point down, or horizontal, at the flame.

VISIBLE FLAME

INFRARED (90%)

ULTRAVIOLET
(170 10%)

Figure 8-1 Flame detectors.

Flame Monitoring and Tripping System (Multiple Burner Boilers)

During initial startup, if flame on the first igniter(s) is not established within 10 seconds after
the initation of the spark or other source of ignition, the individual igniter safety shut off
valve(s) must be closed, and the cause of failure to ignite is to be determined and corrected.
With air flow maintained at purge rate, repurge is not required but at least one minute must
lapse before a retrial of this or any other igniter is attempted. Repeated retrials of igniters
without investigating and correcting the cause of the malfunction is prohibited. Each burner
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must be supervised individually, and upon detection of loss of a burner flame, that individual
burner safety shut off valve must be automatically closed.

Class 1 Igniter

Where Class 1 igniters are provided, the main burner flame must be proven either by the flame
detector or by the igniter being proven. At least one flame detector must be provided for each
burner to detect the burner flame or igniter flame.

Class 2 Igniter

Burners with Class 2 igniters must have at least two flame detectors. One detector must be
positioned to detect the main burner flame and must not detect the igniter flame. The second
detector must be positioned to detect the igniter flame during prescribed lighe-off conditions.

Class 3 Igniter

Burners with Class 3 igniters must have ar least one flame detector. The detector must be posi-
tioned to detect the igniter flame and detect the main burner flame after the igniter is removed
from service at the completion of the main burner trial for ignition.

Upon detection of loss of all flame in the furnace or partial loss of flame to the extent that
hazardous conditions develop, a master fuel trip must be automatically initiated. Regardless
of the number or pattern of flame loss indications used for tripping, loss of flame indication on
an operating burner or “flame envelope” must initiate an alarm that warns the operator of a
potential hazard.

Filame Tripping Validation

The flame tripping concept used on the unit must have been validated by the boiler manufac-
turer for the specific furnace configuraton being used. This validation must not be used to
replace unit acceptance tests relating to proof of design, function, and components.

On loss of an individual burner flame, the burner’s safety shut off valve must be automatically
closed. The burner register is to be closed if it interferes with the air/fuel ratio supplied to any
other individual burner flame.

On loss of an individual burner flame on coal fired boilers, the flow of fuel must be stopped
unless furnace configuration and tests have determined that one of three automatic tripping
philosophies is applicable. They are:

1. Detectors are located and adjusted to monitor specific zones in the furnace.
Under all reasonable operating conditions, main fuel combustion in one zone pro-
vides sustaining energy to adjacent zones if each zone is not self-sustaining.

3. Under circumstances of operation where support between zones receiving fuel
does nor exist, ignition support is provided, or, upon loss of flame in a zone or in
the entire furnace, the master fuel trip is antomancally initated.
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Figure 8-2 is a multiple burner boiler interlock system diagram.
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Figure 8-2 Interlock system for multiple burner boiler.

From NFPA 85 Figure 6,4.2.3.1
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Table 8-1 defines the blocks in Figure 8-2.

Table 8-1 NFPA Table of shutd
Block
Nu N
Block 1

requirements.

Action
Loss of an individual igniter flame must cause the following actions:
1. Close the individual igniter safety shut off valve(s) and de-energize the spark(s)
2. Open the vent valve (gas lgnmon only)
; tem that the i
The high or low igniter fuel gas header pressure must be interlocked to initiate the
tripping of the igniter header and individual igniter safety shut off valves, de-energize
sparks, and open vent valves.
The low igniter fuel ol header pressure must be interlocked to initiate the tripping of
the igniter header and individual igniter safety shut off valves and de-energize sparks.
Where oil is used for ignition fuel with air or steam atomization, atomizing air, or
steam pressure out of range must trip the igniter and individual igniter safety shut off
valves and de-energize sparks.
Where direct electric igniters are used, blocks 1 and 2 must not apply. However, the

master fuel trip system must de-energize sparks and prevent re-energizing until all
conditions for light-off have been re-established.

Block 2al

Block 2a2

Block 2b

Blocks 3-12 These blocks represent conditions that initiate the tripping of il main and ignition fuel
supplies through a master fuel trip relay(s). The master fuel trip relay(s) must be of
the type that stays tripped until the unit purge system interlock permits it to be reset.
Whenever the master fuel trip relay(s) is operated, it must trip all fuel safety shut off
valves and de-energize sparks and all ignition devices within the unit and flue gas path.
The master fuel trip relay(s) must also trip the oil system circulating and recirculating
valves. If the design of the oil supply system is such that backflow of il through the
recirculating valve is inherently impossible or positively prevented, this valve must be
permitted to be manually operated and must not be required to be interlocked to
close automatically on a master fuel trip.

The master fuel trip relay(s) must also trip the coal bumer line shut off vaives or take
equivalent functional action to stop coal delivery to bumers, primary air fans or
exhausters, and coal feeders.

Block 3 The loss of all induced draft fans must activate the master fuel trip relay.

Block 4 The loss of all forced draft fans must activate the master fuel trip relay.

Block 5 Low combustion air flow below the permitted limits must activate the master fuel trip relay.

Block 6 High fan pressure. such as that resulting from a tube rupture or damper failure, must

activate the master fuel trip relay.

Block 7 Loss of all flame in the fumace must activate the master fuel trip relay.

Block 8 A partial loss of flame that results in a hazardous condition must activate the master

fuel trip relay.

Block 9 When all fuel inputs to the fumace are shut off following a shutdown of the boiler for

any reason, the master fuel trip relay must be activated.

Block 10 A manual switch that actuates the master fuel trip relay directly must be provided for

use by the operator in an emergency.

Block 11 The igniter fuel trip must activate the master fuel trip relay in accordance to NFPA

code requirements, if igniter fuel is the only fuel in service, or if it is being used to
stabilize a main fuel.

Block 12a When the gas burner header fuel pressure is above the maximum or below the
minimum for a stable flame, that fue! must be tripped. If gas is the only fuel in

service, the master fuel trip relay must be actuated.
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Table 8-1 NFPA Tabie of Shutdown Requirements (cont.d )

Block
Number

Block 12b

Action
When the oil bumer header fuel pressure is below the minimum for a stable flame,

ﬂwth:dmustbehbped.lfoﬂismeaiy&:elhm‘ﬂ'emastef&:dmprﬂay
must be actuated.

This block represents operation of the oil fuel trip to prevent operation when
atomizing air or steam pressure is out of range. If oil is the only fuel in service, the
master fuel trip relay must be actuated.

This block represents the tripping/shutdown of coal-firing equipment that will cause a
coal fuel trip. If coal is the only fuel in service, the master fuel trip relay must

be actuated.

Biock 12¢

Block 12d

Block 132 Loss of flame at an individual gas or ol bumer with one or more additional bumers
operating with stable flames that does not introduce a serious enough condition to
warrant a master fuel trip as called for in Block 8. must close the individual bumer
safety shut off vaive(s) and associated igniter safety shut off vaive(s) and

de-energize the associated igniter spark.
On loss of main coal burner fiame, the tripping strategies must be followed.

Block 13b

P A T

Tables 8-2 and 8-3 are examples of documentation for communicating start up permissives,
shutdown, alarms and status for operators. Table 8-2 is based on the requirements of NFPA 85
Code for alarms and shutdowns of single burner boilers. This is not an all-inclusive list but it
is a possible format for design definition, The tag names are identification letters from ISA and
SAMA idendfication tables which can be found in the Reference section. Also, see Figures 8-
3 through 8-7 at the end of this chapter for information on intedock.

Table 8-3 is based on the requirements of NFPA 85 Code for alarms and shutdowns of mul-
tiple burner boilers. This is not an all-inclusive list but it is a possible format for design
definition. The tag names are idendfication letters from ISA and SAMA identification tables
which can be found in the Reference section. Also, see Figures 8-3 through 8-7 at the end of
this chapter for informaton on interlock.

The fuel wip charts include some functions of the BMS.

e e ——
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Table 8-2 Communicating startup permissives, shutdown, alarms, and status for

single burners

Single Burner Boiler Master
Tag Name Description/Common Fuel Trip Permissive Alarm
BE Loss or failure to establish flame Yes Yes Yes
SS Loss of combustion air Yes Yes Yes
FSL Combustion air flow Yes Yes Yes
] All fuel valves closed Yes Yes
HS Master fuel trip Yes Yes Yes

Power failure Yes Yes Yes
LSL Low water level Yes Yes Yes
TSL Excessive water temperature Yes Yes Yes
or either/or
PSH Excessive steam pressure

Gas Gas Trip Permissive Alarm
Z5 All fuel valves closed Yes Yes
PSH High igniter gas pressure Yes Yes Yes
PSL Low igniter gas pressure Yes Yes Yes
PSH Burner header fuel pressure high Yes Yes
PSL Bumer header fuel pressure low Yes Yes
Z5 Flow control valve minimum fire Yes Yes
HS Master fuel trip gas Yes Yes Yes

oil Oil Trip Permissive | Alarm
Z5 All fuel valves closed Yes
PSH Igniter fuel pressure high Yes Yes Yes
PSL Igniter fuel pressure low Yes Yes Yes
PSH High oil pressure Yes Yes Yes
PSL Low il pressure Yes Yes Yes
BE Flame detection (oss of bumer) Yes Yes
ZSs Flow control valve minimum fire Yes Yes
PSL/ DPS Loss of atomizing medium Yes Yes Yes
PSL/DPS Igniter atomizing pressure low Yes Yes Yes
Z5 Oil gun in position* Yes Yes
HS Master fuel trip oil Yes Yes Yes
TSL Low oil temperature Yes Yes Yes

*Note: Not a requirement in the NFPA 85 Code 2004.
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Table 8-3 Communicating startup permissives, shutdown, alarms, and status for
multiple burners
Multiple Burner Master Not

Tag Name |D iption/Cx« Fuel Trip | Permissive | Alarm | Status | Req'd

BE Loss of igniter flame (startup) Yes Yes Yes

SS ID fan running Yes Yes Yes Yes

sSs FD fan running Yes Yes Yes Yes

FSL Combustion air flow (< 25%) Yes Yes Yes Yes

PSH High fumace pressure Yes Yes Yes Yes -

PSL Low fumace pressure Yes Yes Yes Yes

BE Flame detector (loss of all flame) | Yes Yes Yes Yes

BE Partial loss of flame Yes Yes Yes Yes

ZS All fuel valves closed Yes Yes Yes

HS Master fuel trip Yes Yes Yes Yes
Power failure Yes Yes Yes Yes

LSL | Low water level Yes Yes Yes NR*
Gas Gas Trip |Permissive | Alarm | Status

z5 All fuel valves closed | Yes Yes Yes

PSH Igniter fuel pressure high Yes Yes Yes Yes

PSL Igniter fuel pressure low Yes Yes Yes Yes

PSH Bumer header fuel pressure high | Yes Yes Yes Yes

PSL Bumer header fuel pressure low |Yes Yes Yes Yes

BE Flame detection (oss of bumer) Yes Yes Yes

Z5 Flow control valve minimum fire Yes Yes

HS Master fuel trip gas Yes Yes Yes Yes
Oii Qil Trip | Permissive  Alarm | Status

Z5 All fuel valves closed Yes Yes

PSH Igniter fuel pressure high Yes Yes Yes Yes

PSL Igniter fuel pressure low Yes Yes Yes Yes

PSH Burner header fuel pressure high | Yes Yes Yes Yes

PSL Bumer header fuel pressure low | Yes Yes Yes Yes

BE Flame detection (loss of bumer) Yes Yes Yes

ZS Flow control valve minimum fire Yes Yes Yes

PSL / DPS | Atomizing pressure low Yes Yes Yes Yes

PSL / DPS | Igniter atomizing pressure low | Yes Yes Yes Yes

pas] Oil gun in position Yes Yes Yes NR*

HS Master fuel trip oil Yes Yes Yes Yes

TSL Low oil temperature Yes Yes Yes Yes

PS/SS Coal firing equipment stopped Yes Yes Yes

BE Flame detection (loss of igniter) Yes Yes Yes

ZS All fuel valves closed Yes Yes Yes

BE Flame detection (loss of bumer) Yes Yes Yes

TSH Coal duct temperature Yes Yes Yes

HS Master fuel trip Yes Yes Yes Yes

*Nate: NR means “not required” by NFPA Code 2004.

TR T tA T T I L e
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The following figures are PID representations of Figure 8-2 and Table 8-1 through 8-3

4

v DOUBLE
X D—% /f BLOCK & BLEED
| 9 E IGNITER
;E ;2 —< (TYPICAL)
- %‘J E INSTALLED
SUPPLYE s 2
é é) HE=
> | OTHER
C=CLOSE @ —
O=0PEN ' T
e
ANSWER KEY:

ZSC = POSITION SWITCH CLOSED PROVES VALVE CLOSED
ZS0 = POSITION SWITCH OPEN PROVES VALVE OPEN

Pl = PRESSURE INDICATOR

PSL= PRESSURE SWITCH Low

PSH = PRESSURE SWITCH HIGH

Figure 8-3 Example gas igniter.

Note: Some companies also prefer to show when valves are open.
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Figure 8-5 Example main oil burner system mechanical atomizing.
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Z5C = POSITION SWITCH CLOSED PROVES VALVE CLOSED
ZS0 = POSITION SWITCH OPEN PROVES VALVE OPEN

Pl = PRESSURE INDICATOR

PSH = PHESSURE SWITCH HIGH

PSL = PRESSURE SWITCH LOW

FT = FUEL FLOW TRANSMITTER

Figure 8-6 Example main gas burner system.
Note: All shutoff valves must have switches to prove closure.
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PSL = PRESSURE SWITCH LOW
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Figure 8-7 Example of an oil burner steam atomizing system.

Note: All shutoff valves must have switches to prove closure,
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CHAPTER 9

Environment

NO, and NO, Control

Nitrogen oxides (NO,) create special problems in the operation of boilers. Air pollution con-
trol regulations require that new installaions meet NO,, emission limits. These limits are lower
than the emissions from many of the presently installed firing systems and furnace designs,
which are using older operating procedures. In addition, air quality regulations in some local
areas require existing boilers to reduce their NO, emissions.

High temperature is the primary cause of NO, formatdon, with the critcal temperature at
about 3000° E To achieve emission reductions, there are a number of methods being used. Low
excess air firing (i.e., less than the “normal” 10 percent to 25 percent excess air) is one method
for reducing NO,. Another method is multi-stage air admission, involving the introduction of
combustion air in two or more stages partly at the fuel nozzle - which could be less than sto-
ichiomerric air - and party by independent admission through special furnace ports and a
second stage of air admission within the same burner housing. Flue gas recirculation into all or
a portion of the secondary air, reduced secondary air temperature, and fuel staging are also
methods used. Equipment manufacturers are introducing new burner and furnace designs.
Generally, the effect of all these methods produces lower flame temperatures and longer, less
turbulent flames, which results in lower NO_.

Low NO, firing methods create hazards including those related to furnace safety, particulardy
for existing units, and could introduce unacceptable risks if proper precautions are not taken.

INO, emissions can also be reduced by removing them from the exhaust gases that are released
from burners. In one process, ammonia is added to the flue gas prior to the gas passing over a
catalyst. The catalyst enables the ammonia to react chemically with the NO,, converting it to
molecular nitrogen and water. This system promises as high as 90 percent removal of nitrogen
oxides from the flue gases.

The control diagram in Figure 9-1 is a method for conmolling ammonia injection. The steam
flow feedforward adjusts the ammonia addition making a flow correction as the steam rate
changes. The problem is that NO, is not a part of this control scheme. There is technology
available to measure NO, continuously; however, the tme delay of the NO, measurement 15
an issue in closing the loop with the NO, measurement.

In a second process, both NO, and sulfur oxide (SO,) are removed. The combustion gases are
moved across a bed of copper oxide that reacts with the SC, to form copper sulfate. The copper

Environment 99
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sulfate acts as a catalyst for reducing NO, to ammonia. Approximately 90 percent of the NO,
and SO, can be removed from the flue gases through this process.

One of the methods of reducing NO,, emissions from oil-fired combustion systems is to mix
water with the oil before it is sprayed into the burner. Water decreases the combustion temper-
ature and can reduce NO, emissions from burning light weight oils by as much as 15 percent.
A significant advantage in using these emulsions is that they reduce the emission of particulate
matter. When water is mixed in the oil, each oil droplet sprayed into the firebox has several tiny
water droplets inside. The heat existing in the firebox makes these water droplets flash into
steam and explode the oil droplet. Increasing the surface area of the oil enables it to burn faster
and more completely. A reduction in particulate emissions can be achieved regardless of
whether light or heavy oils are being burned.

Fuel-firing systems designed to reduce NO, emissions tend to reduce the margins created to
prevent or minimize accumulations of unburned fuel in the furnace during combustion upsets
or flameouts. Thus, it is important to trip fuel on loss of flame. These methods can narrow the
limits of stable flames that are produced by the burner system. When flue gas recirculation is
used, equipment should be provided ro ensure proper mixing and uniform distribution of
recirculated gas and the combustion air. Equipment should be provided to monitor either the
ratio of flue gas to air or the oxygen content of the mixture when flue gas recirculation is intro-
duced into the total combustion air stream. When flue gas recirculation is introduced so that
only air and not the mixrure is introduced at the burner, proper provisions should be made to
ensure the prescribed distribution of air and the recirculating flue gas-air mixrure.

All of these methods tend to increase the possibility of an unstable flame and unburned com-
bustibles throughout the unit and ducts. Therefore, boiler, burner, and instrument manufacturer
recommendations should be followed, or tests conducted, to verify operating margins. Any
change in flame characteristics to reduce NO, emissions can also require changing either, or
both, the type and locaton of flame detectors on existing units.
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Figure 9-1 Controlling ammonia injection.

Excess Air to Oxygen

The control of excess air is critical to NO, and to maintaining the correct fuel air ratio. The
excess fuel, and the resulting improper fuel air ratio, is the primary cause of boiler explosions.

When flue gas or other inert gases are introduced to the secondary or combusdon air being
supplied to burners, the methods and devices being used must be tested to confirm uniform
distribution and mixing. The oxygen content of the mixture supplied to the burners is not per-
mitted to go below the limit specified by the burner manufacturer or as proven by tests to
provide stable combustion. Either the ratio of flue gas to air or the oxygen content of the mix-
ture should be monitored.
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The following table gives the relationship of excess air to O,.

Gas
Excess Air 45 9s 151 213 |283 |362 |450 |556 |678
Oxygen O, 1 2 3 4 5 5] 7 8 9
No. 6 Oil
Excess Air 47 98 15.7 (222 (295 |37.7 |[471 580 |70.7
Oxygen 1 2 3 4 5 B 7 8 9
Coal
Excess Air 48 102 |162 |229 |304 (388 |485 |595 |[729
Oxygen 1 2 3 e 5 6 7 8 9
A simple method for calculating excess air is:

. 21
Excessair% =K | —————— ~1| x 100

21 - % oxvgen

The K values are K= 0.9 Gas, 0.94 Oil and 0.97 Coal

CHAPTER 10

Control Valve Sizing

Valve Characteristics

The characteristics of the control valve or damper are an important consideration. It is impor-
tant to select the flow characteristics for the process. The diagram in Figure 10-1 illustrates
typical characteristics.

The flow characteristic of a control valve is the reladonship between the flow rate through the
valve and the valve travel, as the travel is varied from 0 to 100 percent. The inherent flow char-
acteristic refers to the characteristic observed with a constant pressure drop across the valve. The
installed flow characteristic refers to the characteristic obtained in service when the pressure
drop varies with flow, and other changes, in the system.

The purpose of characterizing control valves is to provide relatively uniform control loop sta-
bility over the expected range of system operating conditions. To establish the flow
characteristic needed to “match” a given system requires a dynamic analysis of the contol loop.
Analyses of the more common processes have been performed; however, some useful guide-
lines can be established for the selection of the proper flow characteristic. The chart below
provides some of the flow characteristics in use today. '

Guidelines for Choosing Valve Characteristics
Process Application Best Inherent Characteristics
Pressure Liquid Pressure Equal Percent
Gas Pressure, Small Volume Equal Percent
Gas Pressure, Large Volume Linear
Max AP Less than 5X Min AP
Gas Pressure Large Volume Equal Percent
Max AP Greater than 5X Min AP
Temperature Most Applications Equal Percent
Flow Load Changes Equal Percent
Set Point Changes Linear
Liquid Level Max AP Less than 5X Min AP Linear
Max AP Greater than 5X Min AP Equal Percent
Back Fressure Constant AP Linear f
=
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Printed by permission Samion Controls
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Valve Characteristic Graph

Figure 10-1 shows the different valve flow characteristics.
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Figure 10-1 Typical flow characteristic curves.

Recommended Velocities
Clean fluids — Maximum operating condition values:
Liquids:

< 10 m/s <33 ft/s

Adr:
< 1/3 MA (Mach)
=1/3 x (330 m/s)
< 110 m/s < 360 fi/s

Gases and Steam (dry):

<110 m/s < 360 ft/s

Flashing Liquids:
< 60 m/s < 196 fi/s
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Valve Sizing for Different Control Media

For good control, it is very important to select the correct size valve as well as the valve char-
acteristic. Each valve manufacturer supplies sizing information and programs for sizing a control
valve. There are some basic equations that can be used to size control valves. The examples are
based on the basic equations.

The term C, is generally used in industry for calculating the relative flow capacity in valves.
The C, is numerically equal to the number of US gallons of water at 60° F that flows through
a valve in one minute when the pressure differential across the valve is one pound per square

inch. In the equaton examples, sizing is for 100 percent flow rate and 23 percent flow rate
because a typical turn down for control valves is four or five to one.

Control Valve Sizing Calculations

Water Valve Sizing

This is an example of valve sizing for 600,000 pounds per hour water flow with ne density
consideration. A rule of thumb for pressure drop is one third of the pr.f,‘;urc drop across the
system for the pressure drop across the valve.

Q =gpm

SG = specific gravity

AP = pressure drop across valve

C, = GPM (V SG + AP)

The conversion of pounds per hour is 600,000 = (8.34 x 60) = 1200 GPM

If the pump discharge pressure is 2000 psig and the drum pressure is 1400 psig, the differencial
pressure 1s 600 + 3 = 200 psig.

C, = GPM V(SG = AP)

C, = 1200 x V(1 = 200) = 84.84

C, =300 xV(1+200)= 14.14

Assume a lower pressure drop of 130 psi for a lower flow rate.
C,=300xV(1=150) = 245

If the water temperature is 450°F then the change in specific gravity must be considered. The
specific gravity of water at 450°F is 0.827.

C, = 1200 x V( 0.827 + 200) = 77.16
C, =300 x V(0.827 = 200) = 12.86
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Assume a lower pressure drop of 150 psi for a lower flow rate, C, = 100,000 x 0.6 x 23.02 + 1360 x 17.32
One fourth C, = 300 x V( 0.827 = 150) = 9.65 C, = 100,000 x 13.8 = 23555.2 = 58.59
[f you look at the C, sizing chart, a three or four inch valve can be used. If 2 three inch valve A three inch valve can be used.
is selected, it is almost 100 percent open. A four inch valve should be selected and would have
less line pressure drop. For best control, the C,, should be at 20 percent at the lowest flow and . Equal Percentage
80 percent at the highest flow rate. Percent
) [Valve Size | RatedC, |10 | 20 | 30 |40 | 50 |60 |70 |80 |o0 | 100 |
At 60°F water temperature, the C, is 84.84 and at 450°F the C, s 77.16.
3inch 95 445 | 825 | 878 12.3 17.3 | 244 | 342 | 481 | 676 95
4inch .. 190 89 12.5 176 | 247 347 | 487 | 685 | 962 | 135 | 190
Steam Valve
; . - inch 4 19.7 | 27, B8 | 548 76.7 | 108 | 151 213 | 299 | 420
The calculations for 300,000 pounds per hour steam flow at 1000 psi and 800°F would be: 8 inc 20 St
10 inch * 420 197 | 276 | 388 | 546 8.7 | 108 | 151 213 | 289 | 420
The equation is C, = pph / 63 x V(AP +V) 10inch | 735 344 | 484 | 68 | 955 | 134 | 189 | 265 |372 | 546 | 735
pph = pounds per hour. . *10 inch valve with reduced wim note the C, is the same as the eight inch valve.
V= specific volume
AP = differential pressure across the valve For more information, refer to ANSI/ISA-75.01.01-2002 (IEC 60534-2-1 Mod).

If we assume a 400 psi system pressure drop and one third across the valve, the valve pressure
drop would be 133 psi.

The specific volume for steam at 800°F superheated steam at 1000 psi is 0.6875.

C, = 300,000 / 63 x V(133 + 0.6875)

V133 + 0.6875 = 13.9

C, = 300000 = (63x13.9) = 300000 + 876 = 684

One fourth C, = 342

Looking at the chart below; either an eight inch valve can be used or a ten inch valve with

reduced trim.

Gas Valve Sizing
This example for gas valve sizing is based on 100,000 SCFH. The 460 is degrees Rankine,

C, = SCFH x V(460 + F°) SG + 1360 x V(P1 x AP)

C, = 100,000 (0.6) V(460 + 70° F) + 1360 x V(30 x 10)

Il

C, = 100,000 (0.6) ¥530 = 1360 x V300




Acronyms

3Ts time, temperature, and turbulence

ABMA American Boiler Makers Associa-
tion

ANSI American National Standards Insti-
tute

ASCE American Socety of Civil Engi-
neers

ASME American Society of Mechanical
Engineers

BMS  burner management system
BPCS basic process control system
Btu  British thermal units

CAD  computer-aided design

CADD computer-aided design and drafting

CFR  Code of Federal Regulations

CS The Canadian Standards Associa-
tion

DCL  design check list

DCN  drawing change notices
DCS

distributed control system

DOE Department of Energy

FD forced draft

HRSG heat recovery steam generator
I the integral or reset

D induced draft

Institute of Electrical and
Electronic Engineers

IEEE

1I/0 in/fout
R infrared

ISA The Instrumentation, Systemns, and
Automation Society

I&C  instrumentation and control
Kc zain, proportional band

NFPA National Fire Protection Associa-
tion

PPM  parts per million
PB proportional band
PCS  process control system

P&ID piping and instrument diagram

PID  proportional or gain-plus-integral
(reset)-plus-derivative (rate)

Acronyms 109



110 Boiler Control Systems .Engineering

PI

PSI

PSIG

Pu

PV

proportional or gain-plus-integral
(reset)

pounds per square inch
pounds per square inch gage
ultimate period

process variable or pressure valve

SAMA Scientific Apparatus Makers

SpP

Su

Td

Association

set point

ultimate sensitivity or ultdmate gain
time derivative

tme integral, reset integral

ultraviclet

APPENDIX A

General Tutorial

Purpose

The purpose of this appendix is to provide tutorial information on the philosophy underlying .
ANSI/ISA-77.41.01-2005 and to assist in specifying and applying combustion control strate-
gies that will best serve the requirements of the user.

Introduction

The purpose of any combustion control system is to safely and efficiently maintain the desired
boiler output without the need for constant operator attention. Therefore, the combustion
process inside the furnace must be controlled while the boiler output changes in response to
load demands. The basic principle of combustion control is to meet the boiler load require-
ments by regulating the quantities of fuel and air while achieving optimum combustion and
maintaining safe conditions for operators and equipment.

Combustion Process

As the combustion process takes place in the furnace, oxygen in the combustion air combines
chemically with the carbon and hydrogen in the fuel to produce heat. The amount of air that
contains enough oxygen to combine with all the combustible matter in the fuel i1s called the
“stoichiometric” value or theoretical air.

It is improbable for every molecule of fuel that enters the furnace to combine chemically with
oxygen. For this reason, it is necessary to provide more air than the stoichiometric requirement.
For most boilers it is customary to provide 5 to 20 percent more air than the stoichiometric
requirement to ensure complete combustion. This additional air is called “excess air”” A boiler
firing at 1.2 dmes the stoichiometric air requirement would be said to be firing at 20 percent

eXCess air.

If insufficient oxygen is introduced into the furnace, incomplete combustion of the fuel will
occur. This wastes fuel, canses air pollution, and results in hazardous conditons in the boiler.
The unburned fuel may ignite in the boiler or breeching and result in secondary combustion,
causing a dangerous explosion.

Providing too much combustion air reduces the explosion danger burt also reduces efficiency.
The largest energy loss in the boiler is the heat that escapes as hot flue gas. Increasing the excess
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air increases this energy loss. High excess air can also result in unstable burner conditions due
to the lean fuel/air mixture.

In practice, a large number of items that affect boiler efficiency are related to excess air. The
proper value of excess air is a function of boiler load, fuel quantity, air leakage through idle
burners, steam temperature, flame stability, and energy losses.

Basic Combustion Control Strategies

Various combustion control strategies that are based on requirements for safe, efficient, and
responsive control of boilers have evolved. More sophisticated controls were developed as
Instrumentation became more reliable and accurate. The control strategies can be divided into
fwo major categories: positioning systems and metering systems.

In positioning systems the fuel and air control devices are simultaneously positioned, based on
energy demand. Each position of the fuel control device assumes a corresponding position for
the airflow control device. A control station is normally available for the operator to trim the
tuel/air ratio.

The positioning system is simple and fast responding, but it cannot compensate for varying fuel
characteristics, aumospheric conditions, dynamic characteristics of the fuel delivery equipment,
or the imbalance of the fuel-to-air ratio during rapid load changes.

Metering systems measure the actual fuel and air delivered to the boiler. The measured flows
are used in feedback control schemes to precisely regulate the fuel-to-air ratio. Air flows can be
measured without too much difficulty. The fuel flow in a gas or oil boiler can also be readily
measured. Fuel flow in a coal-fired boiler cannot be directly measured, and various schemes
have been developed to infer the fuel delivery rate based on other variables, In addition, the
heavy equipment necessary to transport the coal and prepare it for burning present dynamic
operational and control problems.

A typical combustion control function diagram is shown in Figure A-1.
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Figure A-1 Typical combustion control functional diagram.
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Air Flow Requirements Concepts

Air flow measurements can be established by primary elements located on either the air side
or the flue-gas side of the unit, )

A suitable place to measure air flow is the entry of the forced draft fan. When there is poten-
tial leakage between the forced draft fan and the furnace, a preferred location may be the air
duct berween the forced draft fan and the burners downstream of the air heater.

An alternate, but less preferred, location for air flow measurement is on the flue-gas side of the
boiler. Connections for a differential pressure transmitter are located across a section of the
boiler, and the pressure drop of the flue gas is measured. The connections should be located to
avoid the pressure drop across the air heater. Potential problems with this method are the cor-
rosive effects of the flue gas and leakage.

Excess Air Requirements Concepts

The combustion air needed in an actual boiler will be in excess of the theoretical air. This
excess air is needed because some of the combustion air supplied to the boiler will not react
with the fuel. The amount of excess air required for good combustion is dependent upon the
boiler’s burner and furnace design. To minimize the requirement for excess air, the fuel must
be thoroughly atomized and mixed with the combustion air. The combustion air must impart
turbulence and momentum to the flame and the furnace must be sized to allow adequate res-
idence time to insure completion of combustion.

Typically, a zirconium oxide based oxygen analyzer is a direct measurement of oxygen and,
based on a given fuel, a direct measurement of the excess air in the combustion process. The
measurement is taken before the air preheater to receive a representative sample of the com-
bustion air. The excess air requirement is non-linear as a function of load. Thus, 2 load index
signal 1s used to program the excess air setpoint. A controller acts on the resulting error and
adjusts the fuel/air ratio. Suitable provisions should be included to prevent controller windup
under minimum airflow limit conditions.

Adjustment of the fuel/air ratio can be accomplished by either adjusting the airflow demand
or aiflow feedback. Placing the trim on the demand inherendy makes more sense and is easier
for users to understand and commission. If more air is required then, increase the airflow set-
point to increase airflow. By adjusting the demand, the calibration of airflow demand curve,
minimum airflow setpoint, airflow trips and purge rate are easily established because airflow
represents the correct mass airflow rate into the, furnace. However, drawbacks include more
complicared fuel cross limit design, and trend pens do not overlay each other in term of per-
cent MCR. When designed and calibrated properly either method (e.g., trim demand or trim
feedback) can provide safe and reliable excess air trim control. The trim on demand is preferred.

Furnase Pressure (Draf?d

Furnace pressure (draft) control is required on balanced draft boilers. While either the forced
draft fan(s) or the induced draft fan(s) could be used to control the furnace pressure, NFPA 85
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requires the induced draft fan(s) to be used. A typical furnace pressure control functional dia-
gram is shown in Figure A-2. It udlizes a feedforward signal characterized to represent the
position of the forced draft control device(s). In a properly designed and calibrated system, the
output of the furnace pressure controller will remain near its midrange for all air flows.
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Figure A-2 Typical furnace pressure control functional diagram.
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Control of Gas- and QOil-fired Boilers

Gas- and oil-fired boilers often allow burning gas and oil separately or together. Provisions must
be made to assure that the fitel-to-air ratio is maintained as multiple fuels are introduced into
the boiler. This can be accomplished by summing the individual fuel flows on a Bru (k]) value
basis. The output of the summer becomes the “total fuel” in the calculation of the fuel-to-air
ratio. Limiting circuitry should be provided to ensure a safe fuel-to-air ratio.

When the fuel control is in automatic, there shall be a minimum fuel demand limit to prevent fuel
from being reduced below the level required to support stable flame conditions in the furnace.

Contro! of Pulverized Coal-Fired Boilers

Two major considerations in the development of a metering-type control strategy for a pul-
verized coal-fired boiler are compensation for pulverizer dynamics and the selection of an
inferred coal flow signal. In addition, the fuel demand signal must be corrected for the number

of pulverizers in service,

When the fuel control is in automatic, there shall be a mimimum fuel demand limic to prevent fuel
from being reduced below the level required to support stable flame conditions in the furnace.

Pulverizer Dynamics ‘
Pulverizers induce time lags into the control process. There is a finite time between the into-

ducton of coal into the pulverizer and the delivery of fuel to the furnace. The grinding and
drying of the coal in the pulverizer and the time required to transport the coal/air mixture to
the burners both contribute to time lags. In addition, the volume of coal in the pulverizer
increases as the load on the pulverizer increases.

Ball Tube Pulverizers

The ball tube or Harding e-type pulverizers udlize small diameter (two inch) steel balls in a
rotating drum to grind coal. These pulverizers exhibit large coal storage characteristics. It is
commion for this type of pulverizer to produce controlled coal flow for 10 to 15 minutes after
the coal feeder is stopped. The coal feeder signal is, therefore, useless in the control scheme as
a fuel flow signal. An implied fuel flow signal can be derived from boiler heat release, primary
air flow, linearized classifier differential, characterized primary air damper position, or exhauster
inlet damper position. Since these signals, with the exception of heat release, can P]_‘Od}t(ﬁﬁ_&l‘!
apparent coal flow in an empty mill, the signals must be verified by logic signals monitoring
the mill level and feeder status.

In a ball tube pulverizer, the coal feeder normally operates independently of the boiler energy
dernand or filel demand signals. The coal feeder control for ball tube pulverizers may be based
on the following:

* Pulverizer level (differential measurement)

¢ Pulverizer dB (sound measurement)

» Pulverizer kW (power measurement]

« Pulverizer k% and dB
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The usual control of the feeder is based on pulverizer coal level with a slight feedforward or
derivative from boiler energy demand or fuel demand.

Non-Ball Tube Mills

Pulverized coal-fired boilers normally use a sophisticated combustion control system having
several pulverizers, each supplying multiple burners. It is not only Important to maintain the
correct fuel-to-air ratio at all times, but the fuel from each pulverizer to its associated burner
should be properly proportioned and distributed for stable and efficient boiler operation.

The fuel demand is compared to the total measured fuel flow (summation of all feeders in
service delivering coal) to develop the demand to the fuel controller. The fuel demand signal
is then applied in parallel to all operating pulverizers.

Should an upset in available air occur so that air is limited, an error signal from air flow con-
trol should reduce the firing rate demand to the fiiel controller to maintain a minimum
acceptable fuel/air ratio. Limiting circuitry shall be provided to ensure that air flow is always
above demanded fuel flow; hence, a safe combustion mixture is abways present. This demand is
compared with total feeder speeds or the heat absorbed signal. Should thers be a difference
between the fuel demand and total fuel flow, the fuel controller will readjust the speed of the
feeders in service to the extent necessary to eliminate the error,

Since there may be some delay between a change in feeder speed and the actual change in coal
to a furnace, a lag (mill model) is incorporated into the speed feedback, so that the air flow and
fuel flow control are kept in step with the actual coal to the furnace. During conditons of a
mill overload, the feeder speed demand signal should be reduced until the overload condition
1s resolved.

Pulverizer Coal-Air Control System

The primary control for a pulverizer is the coal flow demand to the primary air fans. The sec-
ondary control is the coal-air mixture temperature. The coal-air temperature control is
important for it regulates the amount of surface moisture reraining in the fines going to the
burner. The surface moisture adversely affects both pulverizer performance and the combus-
tion process by up to 50 percent. [n-mill drying is the accepted method for preparing coal for
burning. By measuring the temperature in the pulverizer outlet pipes, the controls are able to
regulate the amounts of hot and tempering air to provide adequate drying. The outlet temper—
ature controller setpoint is usually ranged between 140-170°F depending on what type of fuel
is burned. A single setpoint controls both the hot and tempering air damper actuators. Selecting
too high a setpeint could create a hazardous condition, because the coal is too dry and very
volatile. Selecting too low a setpoint, the coal will not flow as cleanly in the coal pipes, there-
fore causing coal pipe plugging. Therefore, a pulverizer’s output is limited by its drying capacity
and not its grinding abilicy.

Reference for Pulverizer Control
The pulverizer manufacturer is the prime source for information concerning recommended

control stratecies
control strateges.
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Dual Fuel Firing

A metering-type control strategy for a boiler capable of dual fuel firing simultaneously has to
account for the total furnace heat input and different fuel/air ratios. The basic strategy of the
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APPENDIX B

Steam Temperature Control

Purpcse

This appendix is an excerpt from ANSI/ISA-77.44.02-2001 and provides tutorial information
to assist the user in specifying and applying steam temperature control schemes.

introduction

Subcritical vs. Supercritical in Once Through Boiler Design

A boiler is either subcritical or supercritical depending on whether it is designed to be oper-
ated below or above the critical pressure, respectively (critical pressure is 3206.2 psia). At critical
pressure and above, boiling, as it is known within the saturation region, does not take place. The
transition from water to steam is abrupt, and the temperature steadily increases rather than flat-
tening completely. At critical pressure, the density differential berween water and steam
becomes zero, thus making natural circulation impossible.

Operation at subcritical pressures creates certain problems for the boiler designer. Probably the
most important problem is the handling of water-steam mixtures. At subcritical pressures, the
water-steam mixeures can separate into all water in one tube and all steam in an adjacent tube.
Thus, the boiler design must achieve good mixing of the water-steam mixture and limit the
amount of heat absorbed by a furnace panel to a value that will not cause damaging thermal
stresses in the membrane walls. As examples, variable orifices are installed in each furnace panel
to balance the flows, and furnace-mixing headers are used at particular locations to limit the

heat absorption.

Operation at supercritical pressures eliminates concern over the separation of water-stearn mix-
tures because this phenomenon does not occur. However, furnace-mixing headers redistribute
the fluid where adjacent tubes are in different fluid passes. In supercritical operation, it is impor-
tant to avoid subcritical pressures because of the possibility of steam to water separation where
the boiler design does not consider this.

There are many similarities between subcritical and supercritical boilers. The gas side arrange-
ment is practically identical, although some furnace panel surfaces may be located differently.
The fluid side is also quite similar, particularly in the furnace circuitry The boiler responses are
quite similar, with supercritical boilers being slightly faster.
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Steam Temperature Control by Ratio Adjustment

In a once-through boiler, final steam temperature is affected by the ratio of firing rate to feed-
water flow. Therefore, changing firing rate, feedwater flow; or both, can affect control of steam
temperature. The boiler master demand signal is typically sent in parallel to the firing rate
demand and the feedwater demand. The temperature controller output is then configured as a
ratio setting and applied to the firing rate, feedwater flow, or both.

The boiler master is tuned for pressure and load response, that is, orders of magnitude faster than
the temperature loop. Therefore, changes to ratio setting have been applied with success in either
or both subsystems. Generally, though, it is simplified to modify the firing rate demand.

Recognizing that megawatts output is proportional, the input firing rate and feedwater flow must
equal the flow leaving the boiler to maintain constant storage of fluid; it is logical to send beiler
demand to the firing rate and feedwater together. Adjusting firing rate for final steam tempera-
ture results in a compromise between controlling temperature and controlling load. Adjusting
feedwater flow for final steam temperature results in a compromise between controlling temper-
ature and controlling pressure. Furthermore, firing rate and feedwater flow are conditioned upon
the specific boiler design, boiler/process constraints, and process variable responses.

Once-through boiler designs require 2 minimum feedwater rate to protect the furnace tubes
from overheating. This boiler constraint requires that the firing rate be adjusted to control steam
temperature until load exceeds the minimum feedwater flow. At which time, feedwater flow
can participate in controlling final steam temperature.

When feedwater flow or firing rate changes, a temperature delay exists before final steam tem-
perature changes. The temperature delay time for firing rate is shorter than feedwater flow due
to shorter transport delay and provides better transient correction for steam temperature.
Boilers with spray attemperation have means to shorten feedwater flow transport delays by
introducing spray water before the superheater(s). While spray atcemperation may initially con-
trol temperature excursions, steady state temperature is achieved when total feedwater flow
(boiler inlet water flow and spray attemperation flow) is in correct ratio with firing rate.

The controls will overfire or underfire the firing rate to respond to load changes. This transient
condition creates an incorrect steady state fuel demand that causes temperature and pressure
errors. Using temperature controls to modify firing rate demand and feedwater demand in
opposite direction helps the overall system stability because one process effect counteracts the

other.

Principles and Nlethods of Transient Superheat Steam Temperature
Control

Steam Temperature Feedback Control

A typical boiler arrangement is one where the spray attemperation takes place between the pri-
mary and secondary superheaters. With this arrangement, a large process time lag exists
between the introduction of spray water and the detection and stabilization of exit steam tem-
perature. A final steam temperature is used as the feedback measurement for control.
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Load Index Development

The load index feedforward may be steam flow; airflow, or other measures of boiler load. Ajr—
flow offers the advantage of including excess combustion air requirements as a part of the load
index signal. The load index feedforward signal is summed with the output signal from the
steam temperature controller. :

Transient Correction Signal Development

A steam temperature transient correction is a signal that is applied to the normal steam tem-
perature control strategy to counter the impact of a transient process change. An example of a
transient process change, and the most typical, would be overfiring or underfiring. Overfiring
and underfiring are considered transients because they are not required to maintain a steady-
state condition. A steam temperatire transient correction recognizes the impact of a transient
on the final steam temperature and attempts to minimize this impact.

Probably the best way to describe this action is to consider an example. Assuming that a load
increase Is occurring, the firing rate will increase to meet the new load setting and will increase
even more to assist in achieving the new energy storage level in the unit. This additional firing
is referred to as overfiring, and once the units energy level is satisfied, it will be removed. Since
the overfiring is only temporary, it is considered a transient condition. Assuming that no tran-
sient correction is made, the new load setting will require an adjustment to the steam
temperature control, which normally is satisfied through feedforward action. The overfiring
would cause the steam temperature to increase, and the steam temperature controller would
react to counter the temperature excursion by increasing the spray.

When the overfiring is remeved, the steam temperature would dop because excess spray exists.
The excess spray would then cause the steam temperature controller to reduce the spray flow:
The end results are a longer time period to reach steady-state conditions and a greater devia-
tion versus time. A transient correction would recognize when overfiring is occurring and bias
the controls to increase the spray to help minimize the temperature excursion and to prevent
the temperature controller from integrating a temperature error over time. Ideally, no temper-
ature transient would occur; thus steady state is achieved more quickly, and the temperature
deviation versus time will be reduced.

The actual transient correction for overfiring or underfiring is a function of the overall control
strategy. One approach is to use the throttle pressure error as the source for the tansient cor-
rection. Throttle pressure error is scaled and summed with other feedforward signals.

Use of Cascade Spray Valve Control

In a cascade control strategy, when the output of one controller is used to manipulate the set-
point of another, the two controllers are said to be cascaded. Although each controller will have
its own measurement input, only the primary controller (outer loop) can have an independent
setpoint, and only the secondary controller (inner loop) has an output to the process.

Steamn temperature control strategies assume a predictable relationship between the spray water
control valve position and the spray water flow: If this is not the case, a cascade spray water flow
control strategy should be considered. With the cascade control strategy, the output of the tem-
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perature controller establishes the required spray flow setpoint for the spray water flow con-
troller. In the cascade control arrangement, the temperature controller is the primary controller,
and the spray flow controller is the secondary controller.

NO, Control

The nitrogen and oxygen in the combustion air and fuel form oxides of nitrogen (NO,) during
the combustion process. The rate of NO, formation is dependent on high temperature, stoi-
chiometric conditions, resident combustion time, and the amount of nitrogen in the fuel. To
suppress the formation of NO,, the combustion conditions and control strategy must be altered
to decrease O, level at the flame zone, stage combustion, or both and to decrease combustion
gas temperature in the furnace and, hence, the time of exposure of the products of combustion
to high temperature.

Adr that bypasses the burner combustion can suppress the formation of NO,_ by reducing the
O level and temperature at the primary combustion zone. This option is possible if the boiler
design allows the use of burner out-of-service, or overfire air ports, or both to achieve the
second stage of combustion. The out-of-service burners and overfire air ports provide means
of introducing staged combustion air downstream of the furnace combustion zone. Excess air
used for steam temperature control also must bypass the burner combustion zone.

Flue gas recirculation can suppress the formation of NO, by reducing the combustion tempera-
ture if the boiler design allows intreduction of flue gas recirculation into the secondary air strean.

Flue gas recirculation can be used for suppressing the formation of NO,, and controlling reheat
steam temperatures if the boiler design allows the introduction of flue gas recirculation into
both the secondary air stream and the firnace hopper. These boilers have a gas recirculation
distribution damper for regulating the gas recirculation flow path.

Redundancy

Redundancy is employed when system reliability will be seriously affected by a component
failure. Redundancy also permits on-line maintenance of components. For maximum avail-
ability, redundancy should always be considered. Deviation alarms and automatdc failure
detection/transfer should be considered in order to maximize the usefulness of the application
of redundancy.

flesel Windup Prevention

Any control loop in which the controller has integral action and the final control element is
likely to be fully open or fully closed during routine plant operation should have a provision
to prevent reset windup. Steam temperature controls frequently fall into this catepory because
boiler designers usually try to minimize the amount of spray flow required throughout the load
range. This frequently leads to times when the spray valve is fully closed during normal oper-
ation and, therefore, to the need to reset windup prevention.

For conventional single-element control loops, reset windup prevention is relatively simple to
implement. As soon as the final control element reaches one of its endpoints of travel
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(0% closed or 100% open), the integral (reset) action or the entire controller is disabled. For a
simple control loop, the integral limits on the final control element correspond to the high and
low limits on the controller output. Most controllers have automatic reset windup prevention
when the controller output reaches a limit. Provided everything is calibrated correctly, the reset
windup prevention will begin when the final control element reaches a travel lirmit.

For a three-element or cascade control loop, reset windup prevention becomes slightly more
complicated. Now two controllers must both stop integrating to prevent reset windup. The
inner or secondary controller operates the same as a single-element controller described pre-
viously. The primary controller must also have its integral or reset action disabled when the final
control elements reach a limit. The output of the primary controller is not always at the same
value when the final control elements reach a limit, so a different mechanism must be used to
implement the windup prevention. On pneumatic and analog electronic controllers, it may not
be practical to implement a reset windup prevention scheme such as is required in this situa-
ton. On a digital system, however, there are several ways to do this. The integral gain of the
controller may be adaptively tuned to zero when the limit is reached, or the high or low limit
of the controller may be adjusted to the controller output value when the limit is reached. This
prevents the primary controller from winding up the setpoint for the secondary controller
when the final control element is at a limit.

Advanced Steam Temperature Control

Steam temperature control is one of the most difficult control loops in the boiler control
system. There are several factors that make the control difficult,

The time response of the final steam temperatures is generally very slow and has a
considerable deadtime response. This is due to the large mass of metl in the super-
heater sections of the boiler, which is slow to change temperature. Slow response
and deadtime responses are both tough to handle well with conventional control
strategies. '

Steam temperature can be upset by almost any disturbance in the boiler. These
upsets continually challenge the control system and when combined with the slow
temperature response make good control tough. Some of the more commeon
upsets are load changes, fuel variations, boiler slag, pressure changes, pulverizer
upsets, and sootblowing.

Spray valves that are usually the primary control means for final steam temperature
control sometimes go closed during certain load ranges or transients. Any time a
final control element goes into saturation such as fully closed or fully open, it
introduces a large nonlinearity into the control loop. Conventional control strate-
gies do not cope with such nonlinear responses well.

There are usually two methods of controlling reheat temperature. One is a spray
valve and the other is some method of controlling heat distribution such as burner
tilts, pass dampers, or gas recirculation. The action of these two control variables
must be coordinated, and this adds some complexity to the control strategy.
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With all of these factors making steam temperature control difficult, it is easy to understand
why it is a frequent target of advanced control techniques. There are a variety of advanced con-
trol techniques which can be used. They range from relatively simple modifications such as
better feedforward signals or deadtime compensation to full-blown multivariable optimal con-
trol systemns. Many of the advanced control techniques can improve steam temperature control,
but they generally involve added complexity in the control system. The added complexity in
the control system can require a higher level of support by the plant staff,

Although ANSI/ISA-77.44.02-2001 describes the minimum requirements for steam temper-
ature control, be aware that more advanced control techniques are available and can frequently
provide better control performance.
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First-Letter (4) Succeeding-Letters (2
|
Measured or Modifier Readout or Output Function/
Initiating Variable Passive Function | Modifier
A | Analysis | Alarm
B Bumer, User's Choice User's Choice
Combustion User's Choice
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Identification Letters (cont'd.)

First-Letter (4)

Succeeding-Letters (3)
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ISA General Instrument or Functional Symbols

Measured or Modifier Readout or Output Function/
Initiating Variable Passive Function | Meodifier
Temperaturs Transmit
U Multivariable Multifunction Multifunetion/
Multifunction
[ Vibration, | Valve, Damper,
| Mechanical Louver
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Y I Event, State or Y Axis Relay, Compute,
Presence Convert
Z Bosition Z Axis Driver, Actuator,
Dimension Unclassified Final
Control Elernent
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LOCATION LOCATION
NORMALLY FIELD NORMALLY
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OPERATION OPERATOR
1 2 3
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SAMA Symbols (Scientific Apparatus Makers Association)

ENCLOSURE SYMBOLS
FUNCTION SYMBOL
MEASURING OR O
READOUT
MANUAL SIGNAL
PROCESSING
AUTOMATIC SIGNAL I
PROCESSING i

FINAL CONTROLLING ,r‘ \
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SAMA Symbols
SIGNAL SIGNAL
FUNCTION PROCESSING FUNCTION PROCESSING

SYMBOL SYMBOL
SUMMING Yor+ INTEGRATE OR TOTALIZE Q
AVERAGING Yin -HIGH SELECTING >
DIFFERENCE Aor- LOW SELECTING <
PROPORTIONAL KorP HIGH LIMITING _ oo
INTEGRAL fori LOW LIMITING .
DERIVATIVE didtorD  REVERSE PROPORTIONAL -K or-P
MULTIPLYING X VELOCITY LIMITING V3
DIVIDING + BIAS +
ROOT EXTRACTICN ~/ TIME FUNCTION f(t)
EXPONENTIAL X" VARIABLE SIGNAL A

GENERATION

NON-LINEAR FUNCTION f(x) TRANSFER i

TRI-STATE SIGNAL
(RAISE, HOLD, LOWER)

0

Note: SAMA and ISA Symbols are the same.

SIGMAL MOMITOR H/, HIL, /L
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1. CONTROLLER
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2. AUTO MANUAL + BIAS STATION
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FINAL CONTROLLING
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1
<> MANUAL SIGNAL PROCESSING
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T
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X
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This diagram is of a Kraft pulping process. It is critical to the cost of operation of the Kraft
process to recover the chemicals used. If the chemicals are not recovered, the process is cost
prohibitive. The chemical is referred to as white liquor.

The logs are fed into a barking drum that removes the bark (1) and then into a chipper (2).
The chips are fed into the digester where the chips are cooked at a high temperature and pres-
sure. The cooking process breaks down the chips into wood fibers. The fibers go to a brown
stock washer (4), are separated, and go to the paper machine process. The weak black liquor has
15 to 18% dissolved solids. The weak black liquor goes to the recovery process (6), (7), and (8).
The muldple effect evaporator removes moisture producing strong black liquor. It then goes to
a direct contact evaporator before it is sprayed into the recovery boiler forming a liquid bed in
the boiler and forming a coating on the water tubes. The dissolved solids are about 80%. The
dissolved solids are burned and the chemical is recovered. The liquor flows out of the furnace
into a dissolving tank (9).This is referred to as green liquor. The green liquor then goes to caus-
ticizing where lime s melted in a lime kiln, and the lime is added to the green liquor to
produce reusable white liquor (10).

The recovery process can be a hazardous process. If a water tube develops a leak the water
mixing with the liquor bed may cause an explosion. The recovery boiler has a rapid drain
systen that can be energized if a leak is detected to drain the water fiom the boiler.
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Glossary of Common

Boiler Terms

Air - the mixture of oxygen, nitrogen, and
other gases, which, with varying amounts of
water vapor, forms the atmosphere of the
earth,

Air pre-heater - a heat exchanger for trans-
ferring some of the waste heat in flue gases
from a botler or furnace to incoming air, thus
increasing the efficiency of combustion.

Air purge - a flow of air through the furnace,
boiler gas passages, and associated flues and
ducts that will effectively remove any gaseous
combustibles and replace them with air,
Purgimg may also be accomplished by an inert
medium.

Alarm - an indication used to alert an oper-
ator about an abnormal condition.

Attemperator - a mechanical device used
for maintaining and controlling the tempera-
ture of superheated steam.

Attemperator (direct contact type) - a
mechanical device in which the steam and the
cooling medium (water) are mixed.

Automatic tracking - the action of a control
systemn to automatically track a setpoint or the
process variable without any other corrective
mechanisms.

Balanced draft - a system of furnace pres-
sure control in which the inlet air flow or the
outlet flue gas flow is controlled to maintain

the furnace pressure at a fixed value (typically
slightly below atmospheric).

lowdown - in a steamn boiler, the practice of
periodically opening wvalves attached o the
bottom of steam drums and water drums,
during boiler operation, to drain off accumu-
lations of sediment.

Boiler - the entire vessel in which steam or
other vapor is generated for use external to
itself, including the furnace, consisting of the
tollowing: water wall tubes; the firebox area,
including burners and dampers; and the con-
vection area, consisting of any superheater,
reheater, and/or economizer sections, as well
as drurns and headers.

Boiler follow mode - 2 mode of boiler
control where the boiler responds to an
energy demand requirement and contols
boiler pressure by regulating boiler inputs.

Boiler follow system - a type of boiler
control system in which the boiler inputs are
adjusted to control the steam pressure out of

the boiler.

Cascade control system - a control system
in which the output of one controller (the
outer loop) is the setpoint for another con-
troller (the inner loop). The outer loop is
normally a slow responding process as com-
pared to the inner loop.
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Combustion - the rapid chemical combina-
tion of oxygen with the combustble elements
of a fuel, resulting in the production of heat.

- Combustible - the heat producing con-
stituent of a fuel, flue gas, or fly ash.

Condenser backpressure elements - 2
multiple breakdown diffuser, normally
mstalled in the steam condenser neck, used to

regulate the turbine load and the boiler output
pressure.

Cyclone-fired boiler - a smaller ancillary
furnace that typically attaches horizontally
near the bottom of the main furnace. The
number of cyclone furnaces depends on the
total capacity.

Damper - a device for introducing a variable

generate a positive back pressure upstreamn of
the condenser vacuum and to reduce the
kinetic energy of steam from an external
source other than the turbine exhaust.

Control damper - a single or multple
bladed device that opens and closes to control
air flow. A system with multiple blades tends
to be more linear.

Control loop - a combinadon of field
devices and control functions arranged so that
a conwrol variable is compared to a setpoine
and returns to the process in the form of a
manipulated variable.

Controller - any manual or automatic device
or systemn of devices for the regulation of
boiler systems to keep the boiler at normal
operation. If sutomatic, the device or system is
motivated bv variations in temperature, pres-
sure, water level, time, flow; or other influences.

Convection - the transmission of heat by the
circulagon of a liquid or a gas such as air.
Convection may be natural or forced.

Coordinated control mode - 2 mode of
boiler/turbine control that provides for the
parallel operation of the boiler and the turbine
as a unit to match generation to demand while
maintaining boiler/turbine balance.

Coordinated control system - a type of
boiler and turbine control system in which
both the turbine ‘inlet valves and the boiler
inputs are adjusted together to simultaneously

resistance for the purpose of regulating the
volumetric flow of gas or air.

Desuperheater - see attemperator (direct
contact type).

Deviation - the difference between the loop
setpoint and the process variable.

Differential pressure flow element - a
measuring element that is inserted in a process
flow path and used to create a pressure drop
that is proportional to the square of the rate of
flow.

Differential pressure transmitter - any of
several transducers designed to measure the
pressure difference between two points in a
process and to transiut a signal proportional to
this difference, without regard to the absolute
pressure at either point.

Differential producer - a measuring ele-
ment that is inserted in a process flow path and
used to create a pressure drop that is propor-
tional to the square of the volumetric flow
rate.

Draft - the difference berween atmospheric
pressure and some lower pressure existing in
the furnace or gas passages of a steam-gener-
ating unit.

Drum (steam) - a closed vessel designed to
withstand internal pressure. A device for
collecting and separating the steam/water
mixture circulated through the boiler.

Economizers - heat exchangers that are
used to recover excess thermal energy from
process streams. Economizers are used for pre-
heating feed and as column reboilers. In some
systemns, the reboiler for one column is the
condenser for another,

Efficiency - the rado of energy output to the
energy input. The efficiency of a boiler is the
ratio of heat absorbed by water and steam to

the heat equivalent of the fuel fired.
Error - see deviation.

Excess air - air supplied for combustion in
excess of theoretical combustion air.

Fail safe - the capability t go o a predeter-
mined safe state in the event of a specific
malfunction.

Fault tolerant - buitin capability of a
system to provide continued, correct execu-
tion of its assigned function in the presence of
a hardware and/or software fGult.

Feedback - a signal produced by a measuring
device that is proportional to the magnitude of
a controlled variable or position of a control
element.

Feedback control - an error-driven control
system in which the control system to the
actuators is proportional to the difference
between a command signal and a feedback
signal and a feedback signal from the process
variable being controlled.

Feeder - a device such as a gravimetric
weighing system or a volumetric device such
as a screwdriver that is used to measure the
quantity of a solid fuel to a boiler.

Feedforward - a control action that is taken
to compensate for the effect of a sensed input
disturbance.
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Feedwater flow control system - a control
system that uses input signals derived from the
process for the purpose of regulating feed-
water flow to the boiler to maintain adequate
drum level according to the manufacturer’
recommendations.

Final control element - 2 component of a
control system (such as a control valve) that
directly regulaces the flow of energy or mate-
rial to or from the process.

Final control device - a device that exerts a
direct influence on the process.

Fireside of the boiler - see fuel-air-flue
gas systern.

Firing rate - the rate of fuel combustion in
a boiler.

First-stage pressure - the pressure within a
steamn turbine at the point where the steam
exits the first row of turbine blades. The pres-
stre ac this point is closely proportional to the
flow rate of steam through the turbine. First-
stage pressure Is also referred to as impulse

pressure.

Flame tripping validation - the flame wip-
ping concept used on the unit must have been
validated by the boiler manufacturer for the
specific furnace configuration being used.

Flue gas - the gaseovs products of combus-
tion in the flue to the stack.

Forced draft (FD) fan - a fan supplying air
under pressure to the fuel-burning equip-
ment.

Frequency - an clectrical measurement of
the number of cycles in a given period of time

that an electrical current oscillates. In the

United States, the electrical system operates at
a frequency of sixty Hertz (cycles/sec),
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Fuel - a substance conmining combustible
material used for generating heat.

Fuel-air-flue gas system - the fuel air is the
air from the atmosphere that supplies combus-
tion air to the burners. On most boilers the air
is mechanically supplied by an FD fan or fans.
The flue gases are the gases leaving the boiler
furnace combustion chamber that go to the
stack. Some boilers have 2 mechanical source
ID fan that pulls the gases from the furnace.
The flue gas system may have equipment such
as precipitators and scrubbers to minimize
polludon.

Fuel trip - the automatic shutoff of a specific
fuel as the result of an interlock or operator

action.

Furnace - an enclosed space provided for the
combustion of fuel.

Furnace pressure - the pressure of gases in
the furnace (see also draft).

Gas pass ~ an arrangement in which the
convection banks of a boiler are separated by
gas-tight baffles into two or more parallel gas
paths isolating portions of the superheater and
reheater surfaces. The proportion of total gas
flow through each gas pass may be varied by

Gas recirculation - a method by which gas
from the boiler, economizer, or air heater
outlet is reintroduced to the furnace by means
of a fan(s), ductfs), or both.

Igniter - a device for initiating an explosion
or combustion in a fuel-air-mixture.

Induced draft (ID) fan - a fan exhausting
flue gases from the furnace.

Integral control action - an action in
which the controller’s output is proportional
to the time integral of the error input. When

used in combination with proportional action,
it previously was called reset action.

Integral windup - the saturation of the inte-
gral controller output in the presence of a
continuous error, which may cause unaccept-
able response in returning the process to its
setpoint within acceptable limirs of time and
overshoot. -

Interlock - a device or group of devices
(hardware or software) arranged to sense a
limit or off-limit condition, or improper
sequence of events, and to shut down the
offending or related piece of equipment, or to
prevent proceeding in an improper sequence
in order to avoid an undesirable condition.

Intermediate (platen) superheater - a
heating surface receiving steam from the pri-
mary superheater located between the
primary and secondary superheater.

Lambda tuning - a conuoller tuning
method originated in the synchesis design
method whereby the controller must “cancel
out” the process dynamics.

Linearity - the nearness with which the plot
of a signal or other variable plotred against a
prescribed linear scale approximates a straight
line.

Load - a device that receives power or that
power which is delivered to such a device, as
in the rate of output, Ib/hr (kg/s) of steam or
megawatts (kilowatts) of electrical generations.

Load dispatch - a remotely developed signal
transmitted to an electric generating units
control system for the development of that
unit’s net generation requirement.

Load index - signal representative of desired
output energy flow rate.

Logic system - decision-making logic
equipment with its associated power supplies,
I/O hardware, and sensing devices.

Mass feedwater flow rate - the mass flow
rate of all water delivered to the boiler; it
is derived either from direct process measure-
ments and/or calculations from other para-
meters. When volumetric fcedwater flow rate
measurement techniques are employed and
the feedwater temperature at the flow-meas-
uring element varies 100°F (37.8°C), the
measured (indicated) flow shall be compen-
sated for flowing feedwater density to
determine the true mass feedwater flow rate.

Mass steam flow rate - the mass flow rate

of steam from the boiler, derived either from.

direct process measurements and/or calcula-
dons from other parameters. If volumetric
steam flow-rate measuring techniques are
employed, the measured (indicated) flow shall
be compensated for flowing steam density to
determine the true mass steam flow rate.

Master fuel trip (MFT) - an event resuldng
in the rapid shutoff of all fuel. (See also fuel

trip.)

megawatt - A unit of power measurement
equal to one million watts. Turbine/generator
capability is usually expressed in megawatts.

Mho - 2 unit of electrical conductance. Equal
to the reciprocal of ohm.

Mode (submode) - a particular operating
condition of 2 control system, such as manual,
automatic, remote, or coordinated.

Mud drum - a lower drum in 2 boiler where
chemical sludge collects. A blow down valve
on the bottom of the mud drum is open peri-
odically to remove the chemical sludge.

Overfire air - a second source of combustion
air to the furnace. The air is injected in the fur-
nace to enhance combustion and reduce NO,
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by reducing the furnace temperature.

Piping and Instrument Diagrams
(P&IDs) - (1.) Drawings that show the
interconnection of process equipment and the
inscrumentation used to control the process.
The process industry, a standard set of symbols
is used to prepare the drawings of processes,
generally based on ISA 5.1. (2.) The primary
schemadc drawing that is used for laying cut a
process control installation.

Primary air (transport air, pulverizer
air) - the air or flue gas introduced into the
pulverizer to dry the fuel and convey the pul-
verized fuel to the burners.

Primary (convection or initial) super-
heater - a heating surface receiving steam
from the drum.

Primary/secondary control loop con-
troller - the concuoller that adjustss the
setpoint for the secondary control loop con-
troller in the cascade control action scheme.

Protective logic circuits - logic circuits
designed to prevent damage to equipment by
related system equipment malfunctions,
failure, or operator errors.

Pump drive control - a control component
of the final device that translates a control
system demand signal into an electronic,
hydraulic, pneumatic, or mechanical signal that
affects pump speed.

Ratio controller - 2 conrmoller that main-
tains a predetermined rato between two or
more variables or that maintains the magni-
tude of a conwolled variable at a fixed ratio to
another variable.

Redundant (redundancy) - duplicadon or
repetition of elements in electronic or
mechanical equipment to provide alternative
functional channels in case of failure of the

primary device.
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Regenerative ~ a quality of signal that feeds
back on itself, causing control system instability.

Reheater - a heating surface receiving steam
returning to the boiler from the high-pressure
turbine ext.

Runback - an action by the boiler control
system initiated by the loss of any auxdliary
equipment that limits the capabilides of the
unit to sustain the existing load. Upon run-
back inidation, the boiler demand signal is
reduced at a preset rate to the capability of the
remaining auxiliaries.

Rundown (runup) - an action by the boiler
control system initiated by an unsafe operating
condition i.e, fiuel air limit (crosshimiting),
temperature  limits, etc. Upon rundown
(runup) mitation, the boiler demand signal is
reduced in a controlled manner to the load
point where the unsafe operating condition is

eliminated.

Secondary air - the air supplied by the
forced draft fan to the burners for combustion.

Secondary combustion - combustion that
occurs as a result of ignition at a point beyond
the furnace.

Secondary (radiant or final) superheater -
a heating surface receiving steam from either
the primary or intermediate superheater.

Self-tuning - the technigue of automatcally
modifying control algorithm constants based
upon process conditions.

Severe duty valve - a mission-critical valve,
typically seeing high-pressure drop service,
which may see cavitating or flashing fluids, or
if not properly designed, may see early trim
erosion, vibration, or excess noise.

Shall, should, and may - the word “SHALL”
is to be understood as a REQUIREMENT;

the word “SHOULD?” as a RECOMMEN-
DATION; and the word “MAY” as a
PERMISSIVE, neither mandatory nor rec-
ommended.

Shrinkage - a decrease (shrinkage) in drum
level due o a decrease in steam-bubble
volume. This condition is due to a decrease in
load (steam flow), with a resulting increase in
drum pressure and a decrease in heat input.

Single-element feedwater control - a con-
trol system whereby one process variable,
drum level, is used as the input to the control
loop that regulates feedwater flow to the drum
to maintain the drum level at setpoint.

Steady-state - a characteristic of a condition,
such as value, rate, periodicity, or amplitude,
exhibiting only negligible change over 2 long
(arbitrarily chosen) period of time. Note — It
may describe a condidon in which some char-
acteristics are static, others dynamic.

Steam header - a pipe in which steam
output from multiple boilers is collected and
then distributed to various steam loads.

Steam quality - the ratio of the vapor’ mass
to the mixture’s mass.

Stoker - a mechanized means for feeding
coal or other solid combustibles into a fur-
nace, burning them under controlled
conditions, and carrying away the solid
combustion products.

Summer - a summer occurs when two or
more values come into an equation and the
output equals the sum of the inputs in percent
based on the K values.

Superheater - a bank of heating surface
tubes contained within a boiler, and to which
heat is applied to elevate the steam tempera-
ture to a desired value above saturation.

Swell - an increase (swell) in drum level due
to an Increase in steam bubble volume. This
condition is due to an increase in load (steam
flow), with a resulting decrease in drum
pressure and an increase in heat input.
Swelling also occurs during a cold start-up as
the specific volume of the water increases.

Tertiary air - the air supplied to certain types
of burners for cooling the burner metal or to
improve the combustion process.

Theoretical (stoichiometric) combus-
tion air - the chemically correct amount of
air required for complete combustion of a
given quantity of a specific fuel.

Three-element feedwater control - a
control system whereby three process variables
(steam flow feedwater flow, and drum level)
are used as inputs to the control loop that reg-
ulates feedwater flow to the drum to maintain
the drum level at setpoint. This is a cascaded
feedforward loop with drum level as the pri-
mary variable, steam flow as the feedforward
input, and feedwater flow (feedback) as the
secondary variable.

Tracking - forcing an mactive control func-
tion to follow the active control function so
that upon a mode transfer, no process upset
OCCurs,

Transient - the behavior variable during the
transition between two steady states,

Transient correction - a control action
specifically applied to minimize any process
error resulting from a temporary process
change; e.g., temperature control action
applied to counter the effects of over- or
under-firing during load changes.

Trip - the automatic removal from operation
of specific equipment or the automatic dis-
continuance of a process action or condition
as the result of an interlock or operator action.

Glossary 143

Turbine - a machine that converts energy
from a moving fluid into rotatng mechanical
energy that drives a load. In a power plant, a
turbine converts energy in the steam into
mechanical energy to drive an electric gener-
ator (the mechanical load).

Turbine governor valves - the primary
control valves used to regulate the flow of
steam through the turbine during normal
Operation.

Turn-down ratio - the rado frorm max-
imum operating to minimum operating
conditions, providing a controllable or meas-
urable span. The device must perform over
this range.

Two-element feedwater control - a con-
trol system whereby two process variables
(steam flow and drum level) are used as
inputs to the control loop that regulates feed-
water flow to the drum to maintain the drum
level at setpomt. The feedforward input is
steam flow, with the outpur of the drum level
controller as the primary control signal.

Two-out-of-three logic circuit (2/3
logic circuit) - a logic circuit that employs
three independent inputs. The output of the
logic circuir is the same state as any two
matching input states.

Vane control - a set of movable vanes in the
inlet of a fan for the purpose of regulating air
flow.

Waterside of the boiler - see steam-water
systern.

Windbox - a chamber below the grate or
surrounding a burner, through which air
under pressure is supplied for combustion of
the fuel.
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Ziegler-Nichols method - 1 method for
determining optimum controller settings
when tuning a process control loop (also
called the “ultimate cycle method”). It is based
on finding the proportional gain that causes
instability in a closed loop. This method is
sometimes called the “Ziegler-Nichols closed-
loop method” to distinguish it from another
tuning approach devised by Ziegler and
Nichols in which settings are derived from
open-loop parameters.
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