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INTRODUCTION

TH OMAS EDISON opened the first commercial electric power generation
station in the United States on September 4, 1882, in New York City. This station gen-
erated “direct current” electrical energy for distribution locally in Manhattan. Soon
after, on November 16, 1896, Nicholas Tesla and George Westinghouse opened a gen-
eration station in Niagara, NY, that generated “alternating current” energy. Initially,
generation was located near the load center and the various load centers operated
independently. Over time, it was determined that, to improve the reliability of the
electric supply system and reduce costs, the many load centers and generation sta-
tions should be interconnected to a common “transmission” system thus leading to
the interconnected systems of generation, transmission, distribution, and utilization
that we have today.

Over the past century, power generation has undergone dramatic changes and
innovation continues to drive changes and improvements in the electric generation
industry. Today, sources of energy to generate electrical energy include coal, oil, nat-
ural gas, geothermal, wind, solar, biomass, hydro, tidal, and nuclear power.

Society has become very dependent on the availability of energy and electrical
energy has become the primary means of distributing this energy.

The function of the generation station electrical engineer is to ensure a safe
and reliable generation facility. The order of these two functions is not arbitrary.
Safety is of primary concern for the generation utility engineer. Therefore, safety is
the first chapter in this book. If a facility is not a safe facility for employees or the
public, then it will not be a reliable facility. Unsafe conditions may not only result
in personal injury but often involve equipment failure. An unsafe facility will likely
have less reliable equipment and be a less reliable plant. While the primary goal of
safety is to ensure the personal health and wellbeing of both the employees and the
public, it also must be the primary focus for the utility engineer to ensure both safety
and reliability.

This textbook is designed to provide a general introduction to the various facil-
ities, systems, and equipment used in the power generation industry. It provides both
theoretical and practical information for various utility systems. This text should pro-
vide a solid foundation on which a power generation facility engineer can continue
to build.

It is my sincerest hope that this text will be useful in assisting utility electrical
engineers to ensure safe and reliable operation of their facilities.

Thomas H. Blair
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CHAPTER 1

ELECTRICAL SAFETY

GOALS

* To understand the basic requirements of OSHA 1910.269 and Subpart S

* To apply recommendations of NFPA 70 (National Electrical Code®) and NFPA
70E (Electrical Safety in the Workplace) for compliance with OSHA 1910 Sub-
part S

* To apply recommendations of IEEE C2 (National Electrical Safety Code) for
compliance with OSHA 1910.269

* To be able to determine minimum approach distance (MAD), limited approach
boundary, restricted approach boundary, and arc flash boundary for installation

* To be able to determine minimum safety clearance for electric supply station
fences

* To be able to determine the minimum illumination requirements for electric
supply station locations

* To be able to determine the proper electrical PPE (personal protective equip-
ment) required for various tasks

¢ To be able to determine the correct classification for areas where hazardous
materials may be present

IF ONE were to try to reduce the function of the electrical engineer in the
electric power generation industry to one sentence, it would be “fo ensure the design,
implementation, and operation of a SAFE and RELIABLE electrical system.” Elec-
trical safety is of primary importance in the electric utility generation industry. The
generation industry is unique from other industrial environments. The available short-
circuit fault currents can be very large since the generation source is close and can
supply a large amount of fault current. The service voltages at various pieces of equip-
ment can be greater in magnitude for the larger electrical machines utilized in the gen-
eration station. Combustible materials may be handled, stored, and utilized in power
generation facilities. The above conditions require the power plant electrical engineer

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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Is this an electric power generation,
transmission, or distribution installation??

YES NO
Y 4
§§1910.302
Is it a generation installation? through

1910.308

YES NO

[§I9I0:r269(v) ] [§I9I0jr269(u)]

Figure 1.1 Appendix A-1 — Application of 1910.269 and 1910 Subpart S to Electrical
Installations. Source: Reproduced with permission of U.S. Department of Labor.

to be very familiar with governmental regulations and industry standards regarding
safety requirements to ensure the safe operation of the generation facility.

OSHA (Occupational Health and Safety Administration) (osha.gov) issues reg-
ulations that cover occupational health and safety. These regulations have the same
effect as law. For general industry, which includes utilities, the applicable regulation
is OSHA CFR 1910 — General Industry Standards. For general industry, electrical
safety is covered under Subpart S. However, under OSHA CFR 1910, there is a sep-
arate section for special industries under Subpart R and the electric utility industry
is covered under OSHA 1910.269 of Subpart R. This section covers the operation
and maintenance of electric power generation systems and equipment and applies to
installations utilized for the generation of electrical energy that are accessible only
to qualified employees. One might think that all of the requirements for a generation
facility fall under OSHA CFR 1910.269 and not OSHA CFR 1910 Subpart S since
OSHA CFR 1910.269 regulations were written for electric generation, transmission,
and distribution systems, but that is not always the case. So how does a plant engineer
know when to apply OSHA 1910 Subpart S (general industry) or OSHA 1910 Sub-
part R 269 or possibly both regulations? OSHA provides guidance with that question
in Appendix A of 1910.269.

To understand how Appendix A addresses this, we need to understand that
OSHA segregates its safety requirements into two general categories: electrical safe
installation methods and electrical safe work practices.

1910.269 Appendix A-1 as shown in Figure 1.1 answers the question of which
regulation (1910.269 or 1910 Subpart S) applies to electrical installation requirements
and 1910.269 Appendix A-2 as shown in Figure 1.2 answers the question of which
regulation (1910.269 or 1910 Subpart S) applies to electrical safe work practices.

For regulations regarding the safety of the electrical installation, if the facility
is directly associated with a generation, transmission, or distribution system, then
OSHA CFR 1910.269 is the regulation that describes safe installation requirements.
If the facility is not directly associated with generation, transmission, and distribution,
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Are the employees §§1910.332
“qualified” as defined through
in §1910.39922 1910.335

lYES

Is this an electric power

generation, NO

transmission, or ‘:I Isita cnmmingled3 installation?
distribution YES NO

installation?

§61910.332
l YES through

Does the installation 1910.335
conform to §§1910.302
through 1910.308?

N9 YB) (51910269

~

§1910.269
( §1910.269 l plus
@ §1910.332,
§1910.333(a) & (b)
and §1910.334

§61910.332 through 1910.335
plus
the paragraphs of §1910.269 that apply
regardless of compliance with Subpart S (See
Table | of Appendix A-2.)

Figure 1.2 Appendix A-2 — Application of 1910.269 and 1910 Subpart S to Electrical
Safety-Related Work Practices. Source: Reproduced with permission of U.S. Department of
Labor.

then 1910 Subpart S applies. For example, if we were to install a motor control center
(MCC) in the turbine building of an electric utility generation station, then the safe
installation regulations would be defined by 1910.269. However, if we were to install
an MCC in a warehouse that is not located on the generation station facility, then the
safe installation regulations would be defined by 1910 Subpart S.

The choice of which OSHA standard to use for electrical safe work practices
depends both on the location of the work and the qualification of the personnel per-
forming the electrical work. First, we must answer the question, what defines a “qual-
ified person.” OSHA defines a qualified person as one who has “received training in
and has demonstrated skills and knowledge in the construction and operation of elec-
tric equipment and installations and the hazards involved” (OSHA 1910.399).

For electrical safe work practice regulations, if the personnel performing the
task are not qualified, then the safe work practices of Subpart S are the regulations
that govern the work regardless of whether the installation where the work is being
performed is on a generation facility or not. For example, if we were to install an
air compressor in a generation facility and the equipment supplier is sending a field
engineer to assist with startup of the compressor and the field engineer is not trained
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on the electrical safe work practices of OSHA 1910.269, then the safe work prac-
tices for this task must comply with OSHA Subpart S, even though this task is being
performed at a generation facility.

However, if the personnel performing the task are qualified AND if the installa-
tion is a generation facility, then the safe work practices of 1910.269 apply to the task.
So for normal maintenance done at the generation station where the task is performed
by station personnel that are trained according to OSHA 1910.2609, the tasks are cov-
ered under OSHA 1910.269. For commingled installations, the reader is directed to
OSHA 1910.269, Appendix A for guidance.

As the reader can see, even though OSHA 1910.269 is written for generation,
transmission, and distribution systems, there are instances where OSHA 1910 subpart
S applies, so the electric utility engineer must know and understand the installation
requirements and safe work practices of both OSHA 1910 Subpart S (general indus-
try) and OSHA 1910.269 (electric utilities).

So where does the electric utility engineer obtain guidance on how to comply
with all of these regulations? For the safe installation requirements for general indus-
try described by OSHA 1910 Subpart S (sections 302 to 308), NFPA 70® (National
Electric Code® or NEC®) provides guidance on how to comply with these federal
regulations. (NFPA 70®, National Electrical Code®, and NEC® are registered trade-
marks of the National Fire Protection Association, Quincy, MA). For the safe instal-
lation requirements for the electric utility industry of OSHA 1910.269, IEEE C2
(National Electrical Safety Code or NESC) provides guidance on how to comply with
federal regulations at generation station installations. Specifically, IEEE C2 — Part 1
describes electric supply station installation requirements, IEEE C2 — Part 2 describes
overhead line installation requirements, IEEE C2 — Part 3 describes underground line
installation requirements.

For the safe work practice requirements for general industry of OSHA 1910
Subpart S (sections 332 to 335), NFPA 70E (Electrical Safety in the Workplace) pro-
vides guidance on how to comply with federal regulations. For the safe work practice
requirements for the electric utility industry of OSHA 1910.269, IEEE C2 — Part 4 —
(NESC) provides guidance on how to comply with federal regulations.

While these codes are not law or regulation, they are referenced by OSHA fed-
eral regulation as methods to ensure compliance with the law. Additionally, OSHA
regulation updates take many years to occur due to the process of public notifica-
tion and comment before changing official regulations. However, NEC® is updated
every 3 years, NFPA 70E is updated every 4 years, and NESC is updated every 5
years. Therefore, these codes have the most up-to-date information regarding electri-
cal safety. The electric generation utility engineer should have a current copy available
of all three of these standards and be familiar with the information contained within.
In Chapter 1, we describe just some of the installation and safe work practice infor-
mation contained in these codes. The reader is reminded to always check the latest
version of the codes for updates.

One last note of caution, the OSHA standards and associated codes are NOT
design guides, but MINIMUM requirements. When applying these codes, remem-
ber that these are the MINIMUM standards to ensure safety; but good engineering
practice may suggest additional safety measures in some instances.
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INSTALLATION SAFETY REQUIREMENTS — GENERAL
INDUSTRY (NEC®)

Access to Working Space <600 V

To ensure the safety of personnel when accessing exposed electrical parts of equip-
ment, minimum equipment clearances are given in codes and standards depending
on the nominal voltage of the circuit in question and the equipment. If the structures
surrounding the area are neither energized nor grounded (if structures are insulated),
then the second column in Table 1.1 applies. If the structure surrounding the area
is grounded, then the third column in Table 1.1 applies (note that conductive or par-
tially conductive materials such as concrete are considered grounded). If the structure
surrounding the area is energized, then the fourth column in Table 1.1 applies. Addi-
tionally, the working space must be of sufficient width, depth, and height to permit
all equipment doors to open 90 degrees. The width of the working space must be at
least the width of the equipment and cannot be less than 30 in.

Remember that these are minimum requirements. There may be instances
where the working space needs to be even larger than the values required by codes.
One example where this commonly occurs is in front of switchgear where the break-
ers can be racked out and removed (this is described in more detail in Chapter 19:
Switchgear). The space required for the racking device (including clearance to other
energized equipment in the area) commonly is larger than the minimum requirements
of code. The design engineer should evaluate both the equipment to be installed and
the typical types of maintenance that will be performed and ensure that the working
space provided is adequate for personnel safety.

In regard to access to rooms containing electrical equipment, if the service pro-
vided is less than 1200 A, then there must be at least one entrance consisting of a
minimum of 24-in.-wide by 6-ft-high door provided with panic hardware that allows
for egress from the working space by pushing on door from the inside of the building.
Where the electrical equipment is wider than 6 ft, there must be two doors.

If the service provided is greater than 1200 A, then a minimum of two, 24-in.-
wide by 6-ft-high doors must be provided with panic hardware that allows for egress
from either side of working space by pushing on door. This again is an area where

TABLE 1.1 Minimum Aisle Working Space for Nominal Voltage Less than 600 V

Nominal Voltage to Live to Not Ground
Ground (V) or Not Live Live to Ground Live to Live
0-150 900 mm 900 mm 900 mm

3 ft 3 ft 3 ft
151-600 900 mm I.Im 1.2m

3 ft 3.5 ft 4 ft

Source: Reproduced with permission from NFPA 70®, National Electrical Code®, Copyright © 2014, National
Fire Protection Association. This is not the complete and official position of the NFPA on the referenced subject,
which is represented only by the standard in its entirety. The student may download a free copy of the NFPA 70®
standard at: http://www.nfpa.org/codes-and-standards/document-information-pages ?mode=code&code=70.


http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=70

6 CHAPTER 1 ELECTRICAL SAFETY

these are minimum requirements. If, during the process of performing maintenance
such as racking out equipment, one means of egress may become blocked, the design
engineer would be justified in adding additional means of egress for personnel.

Access to Working Space >600 V

In rooms and enclosures where the voltage exceeds 600 V, NEC® requires rooms to
be locked and signage to be posted that reads,

DANGER — HIGH VOLTAGE — KEEP OUT

For equipment that nominally operates in excess of 600 V, Table 1.2 describes
the minimum working space requirements. The same conditions for surrounding
equipment that applied to Table 1.1 apply to Table 1.2. If the structures surround-
ing the area is neither energized nor grounded (if structures are insulated) then the
second column in Table 1.2 applies. If the structure surrounding the area is grounded,
then the third column in Table 1.2 applies. If the structure surrounding the area is
energized, then the fourth column in Table 1.2 applies.

Example 1.1 You are designing an MCC that is powered from a 480 Vac phase-
to-phase, 277 Vac phase-to-ground source. You will place the MCC in an electrical
equipment room where the wall across the aisle from the 480 V circuits is grounded.
What is the minimum aisle working space for this application?

Solution:  Referring to Table 1.1, we find the minimum aisle working space to be
3.5 ft.

For exposed energized conductors located outdoors, NEC® requires that the
conductors be enclosed in a fence that is 7 ft minimum in height. Table 1.3 describes
the minimum distance from the fence to the live part being protected.

NEC® defines the minimum allowable branch circuit conductor size for a given
branch circuit breaker. Following matrix is a summary of branch circuit minimum
conductor sizes based on branch circuit protection.

Breaker 15A 20 A 30 A 40 A 50 A
Conductor 14 AWG 12AWG 10 AWG 8 AWG 6 AWG

TABLE 1.2 Minimum Aisle Working Space for Nominal Voltage >600 V Around
Electrical Equipment

Voltage ph-gnd Live vs. Insulated Live vs. Gnd Live vs. Live
601 V to 2,500 V 900 mm (3 ft) 1.2 m (4 ft) 1.5m (5 ft)
2,501 V to 9,000 V 1.2 m (4 ft) 1.5m (5 ft) 1.8 m (6 ft)
9,001 V to 25 kV 1.5m (5 ft) 1.8 m (6 ft) 2.8 m (9 ft)
25,001 V to 75 kV 1.8 m (6 ft) 2.5 m (8 ft) 3.0m (10 ft)
Above 75 kV 2.5 m (8 ft) 3m (10 ft) 3.7m (12 ft)

Source: Reproduced with permission from NFPA 70®, National Electrical Code®, Copyright © 2014, National
Fire Protection Association. This is not the complete and official position of the NFPA on the referenced subject,
which is represented only by the standard in its entirety. The student may download a free copy of the NFPA 70®
standard at: http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=70.
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TABLE 1.3 Minimum Distance from Fence to Live Parts

Minimum Distance from Fence to Live Parts

Nominal Voltage m ft
601-13,799 V 3.05 10
13,800-230,000 V 4.57 15
Over 230,000 V 5.49 18

Source: Reproduced with permission from NFPA 70®, National Electrical Code®, Copyright ©
2014, National Fire Protection Association. This is not the complete and official position of the
NFPA on the referenced subject, which is represented only by the standard in its entirety. The
student may download a free copy of the NFPA 70® standard at: http://www.nfpa.org/codes-
and-standards/document-information-pages ?mode=code&code=70.

Just to reinforce the notion that codes are not design standards, the size of the
conductor recommended by NEC® is not the required conductor size, but the mini-
mum allowable conductor size. For long runs where voltage drop might be an issue,
the design engineer might choose to oversize the branch circuit conductor which is
acceptable. Codes such as NEC® and NESC are not design guides, but only provide
the minimum safety requirements for installation.

Grounding and bonding is so important that it has its own chapter and is
described in Chapter 21. But for safety, it is worth mentioning here that NEC®
requires the electrical distribution system to be grounded and bonded and requires
the electrical distribution system to have one main bonding jumper between the main
supply neutral bar and ground bar. The functions of the grounding conductor (also
known as neutral conductor) and bonding conductor (sometimes referred to as the
grounded conductor) are distinctly different. Downstream equipment enclosures are
bonded back to the main supply ground bar via the grounded conductor and down-
stream equipment neutral terminations are connected back to the main supply neutral
bar via the grounding conductor. The purpose of the grounding conductor is to pro-
vide a path for current to return to the source and, if there is a phase-to-neutral fault,
this current will clear the upstream breaker to remove the fault from the energized
electrical system. The purpose of the grounded conductor is not to provide a path for
fault current, but to maintain electrical continuity between system ground and equip-
ment enclosures in the field. This is done to minimize touch potentials during faults
to protect personnel.

INSTALLATION SAFETY REQUIREMENTS —SPECIAL
INDUSTRY - UTILITY (NESC)

Access to Exposed Energized Conductors Outdoor

In some areas of a generation facility, there may be exposed overhead conductors. A
typical application is where the plant interfaces with the transmission and distribution
system. There are minimum distances that need to be maintained from the general
public to these exposed circuit conductors. In order to keep non-qualified personnel
from accessing the energized circuits, NESC provides guidance on minimum fence


http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=70
http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=70
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ELECTRICAL SAFETY

TABLE 1.4  Values of Minimum Distance from Fence to Outdoor
Exposed Energized Conductor for Use with NESC Figure 110-1

Nominal Voltage

Dimension “R”

Between Phases (V) Typical BIL m ft
151-7,200 95 3 10
13,800 110 3.1 10.1
23,000 150 3.1 10.3
34,500 200 32 10.6
46,000 250 33 10.9
69,000 350 35 11.6
115,000 550 4 13
138,000 650 42 13.7
161,000 750 4.4 14.3
230,000 825 4.5 14.9
230,000 900 4.7 154

Source: Reproduced with permission of IEEE.

space requirements between energized conductors and the fence. This is very similar

to the requirements of NEC® mentioned in Table 1.3.

Table 1.4, along with Figure 1.3, shows the minimum radius from a point on
the fence 5 ft from grade to the exposed energized conductor to ensure non-qualified
people are not exposed to the hazard presented by exposed energized conductors.
Note, the fence height must be 7 ft minimum and the fence must be grounded to

Live parts /

/
[

/

Clearance zone

-

—

Fence

1.50 m(6 ft)

Figure 1.3  Safety clearance to electric supply station fences. Source: Reproduced with

R

permission of IEEE.
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TABLE 1.5 Minimum Overhead Clearance from Ground to
Outdoor Exposed Energized Conductor (for V < 750 Vac)

® 3.6 m (12 ft) — sidewalks and areas accessible to pedestrians only
® 4.9 m (16 ft) — residential driveways, parking lots, and alleys
® 4.9 m (16 ft) — roads, streets, and areas exposed to truck traffic

® 7.3 m (24 ft) — track rails of rail roads

Source: Reproduced with permission of IEEE.

the ground grid to limit touch potential (touch potential is explained in Chapter 21:
Ground System).

NESC also provides guidance for exposed overhead lines and minimum clear-
ance from ground depending on the type of traffic that is expected below the exposed
lines. This information is found in NESC Part 2, section 232, and summarized in
Table 232-1. For example, for exposed conductors energized at less than 750 Vac,
the following minimum clearances apply. For areas where only pedestrian traffic is
expected, 3.6 m (12 ft) is the minimum clearance from ground to the overhead lines.
For areas that transverse residential driveways, parking lots, and alleys, 4.9 m (16 ft)
is the minimum clearance from ground to overhead lines. For areas where exposed
conductors transverse roads, streets, and areas exposed to truck traffic, 4.9 m (16 ft)
is the minimum clearance from ground to overhead lines. For areas where exposed
conductors transverse track rails of rail roads, 7.3 m (24 ft) is the minimum clearance
from ground to overhead lines. All of these distances are to be maintained during
periods of maximum line sag. This data is summarized in Table 1.5.

Example 1.2 You are designing an exposed overhead distribution line that is cross-
ing a sidewalk that will be accessible to pedestrian traffic only. What is the minimum
from ground to the overhead line for this application?

Solution: ~ Minimum clearance from ground to overhead line for this application
per Table 1.5 is 12 ft.

NESC requires a minimum level of illumination depending on the location or
the work place in the generation facility and NESC Table 111-1 provides this guid-
ance. This is to ensure that the area is adequately illuminated for the typical tasks
performed in these areas to be performed safely. Table 1.6 is a partial listing of loca-
tions in a typical generation facility and the minimum required illumination levels.

In addition to normal lighting requirements listed in Table 1.6, NESC requires
emergency lighting to be provided that is energized from an independent source (typ-
ically a battery) at locations of egress to provide for safe exit during emergencies
such as fire where normal lighting is de-energized. The minimum illumination level
at these exits is 11 lux (1 foot-candle) and the independent source must keep the
emergency light energized for at least 90 minutes.

Just like NEC®, the NESC requires a minimum amount of working space
around electrical equipment. A minimum of 7 ft of head room is required with a
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TABLE 1.6 Illumination Levels Required in an Electric Utility Power
Generation Station

Location Lux Foot-Candles

Generating Station (Interior)

Highly critical areas occupied most of the time 270 25
Areas occupied most of the time 160 15
Critical areas occupied infrequently 110 10
Areas occupied infrequently 55 5
Generating Station (Exterior)

Building pedestrian main entrance 110 10
Critical areas occupied infrequently 55 5
Areas occupied occasionally by pedestrians 22 2
Areas occupied occasionally by vehicles 11 1
Areas occupied infrequently 55 0.5
Remote areas 22 0.2
Substation

Control building interior 55 5
General exterior horizontal end equipment vertical 22 2
Remote areas 22 0.2

Source: Reproduced with permission of IEEE.

minimum working depth in front of equipment of 3 ft. For voltages <600 Vac, the
values in NESC are the same as the values in NEC® as shown in Table 125-1 of NESC
as described in Table 1.7. For voltages >600 V, the values in NESC listed in Table
124.1 of NESC as described in Table 1.8.

NESC has requirements for the safety of rotating equipment, safety of battery
systems, safety of transformers, conductors, circuit breakers, fuses, and switchgear.
These safety requirements are discussed in the respective sections of this book to
reinforce the importance of safety in the design and operation of this equipment.

Now that we have discussed installation safety requirements, we will discuss
electrical safe work practice requirements.

TABLE 1.7 Working Space <600 V

Clear Distance

Condition 1 Condition 2 Condition 3
Voltage to Ground (V) mm ft mm ft mm ft
0-150 900 3 900 3 900 3
151-600 900 3 1070 3-112 1200 4

Source: Reproduced with permission of IEEE.

Condition 1: Exposed energized parts on one side and no energized or grounded parts on the other side of the working
space.

Condition 2: Exposed energized parts on one side and grounded parts on the other side of the working space.

Condition 3: Exposed energized parts on both sides of the working space.
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TABLE 1.8 Working Space >600 V

NESC Table
124-1 — Working
space >600 V

Column 1 Column C Column 2 Column 3 Column 4

Max Design Basic Impulse Vertical Clearance Horizontal Clearance Guard
Voltage Between Insulation Level — of Unguarded Clearance of to Live Parts
Phases (BIL) Parts Unguarded Parts

kV kV ft in ft in ft in
0.3 - Not specified Not specified Not specified

0.6 - 8 8 3 4 0 2
24 - 8 9 3 4 0 3
72 95 8 10 3 4 0 4
15 95 8 10 3 4 0 4
15 110 9 0 3 6 0 6
25 125 9 1 3 7 0 7
25 150 9 3 3 9 0 9
35 200 9 6 4 0 1 0
48 250 9 10 4 4 1 4
72.5 250 9 10 4 4 1 4
72.5 350 10 5 4 11 1 11
121 350 10 5 4 11 1 11
121 550 11 7 6 1 3 1
145 350 10 5 4 11 1 11
145 550 11 7 6 1 3 1
145 650 12 2 6 8§ 3 8
169 550 11 7 6 1 3 1
169 650 12 2 6 8 3 8
169 750 12 10 7 4 4 4
242 550 11 7 6 1 3 1
242 650 12 2 6 8§ 3 8
242 750 12 10 7 4 4 4
242 900 13 9 8 35 3
242 1050 14 10 9 4 6 4

Source: Reproduced with permission of IEEE.

SAFE WORK PRACTICE REQUIREMENTS

So what are the potential hazards in a power plant environment in regard to safe
work practices? Some of the possibilities are electrical shock, arc flash, arc blast,
fall, projectiles, and fire ignition.

Electrical shock occurs when a part of the body comes in contact with an ener-
gized circuit. To avoid this hazard, the employee must know the various electrical
energy sources, be able to identify the voltage level associated with the hazard, deter-
mine what actions are necessary to reduce and/or eliminate the hazard, and be allowed
to take those actions to avoid the hazard. The preferred method for prevention of
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electrical shocks is to ensure that the circuit is de-energized by placing it in an elec-
trically safe work condition prior to performing work on that circuit. If it is deter-
mined that the circuit cannot be de-energized, then NFPA 70E and NESC Part 4 pro-
vide guidance of procedures and equipment to be utilized when working on a system
energized. This is known as energized electrical work.

In one recent survey of electrical workers, 97% of workers had experienced a
shock at work sometime in the past and 58% were exposed to energized circuits every
day. One might think that a majority of the incidents involve younger, less experienced
workers. However, one survey shows the following distribution of electrocutions by
age.

e <20=10%

* 20-24=18%
* 25-34=34%
* 3544 =22%
* 45-54 =10%
* >55=6%

As can be seen from the above data, the most likely age range is the 25-34 year
range. Therefore, the concept that experience makes one less likely to be involved
with an electrical contact incident is incorrect. In fact, there are more than 30,000
electrical contact events that happen every year in the United States. A majority of
these occur on system voltages less than 600 V. One may think that higher voltages
may present higher hazards, but from a frequency of incident viewpoint, this is not
the case. The hazard exists on any energized circuit.

Identifying circuit parts that are “exposed live parts” may not be as straight
forward as one would think. An energized uncovered bus bar in a piece of electrical
equipment is an “exposed live part” for certain. However, how about the covered bus
shown in the photo in Figure 1.4?

The cable jacket that provides the covering on the cable has a dielectric rating
for the voltage involved and is therefore considered insulated. However, the covering
on the bus does not have a dielectric rating and is not considered insulated and there-
fore should be treated as an energized circuit until it is placed in an electrically safe
working condition.

In order to avoid electrical shock hazards, a shock hazard analysis should
always be performed whenever work is to be performed on or near energized electri-
cal equipment. A shock hazard analysis is a procedure where the voltage level of the
circuit is determined; all potential sources supplying the circuit are determined and
then all sources are isolated by putting the circuit in an electrically safe working con-
dition. The shock hazard analysis should also determine the necessary PPE required
to safely test the circuit for the absence of voltage during the process of placing the
circuit in an electrically safe work condition.

Table 1.9 describes the effect that current passing through a body has on the
body. The higher value is for larger framed bodies and the lower value is for smaller
framed bodies.
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Figure 1.4 Photo of load termination compartment in typical medium voltage switchgear.

To place a circuit in an electrically safe work condition, the employee must

perform the following minimum steps.

¢ Determine all possible sources (include stored or induced energy)

¢ Interrupt the load, if the isolation device is not rated to interrupt load

¢ Isolate the conductor or circuit part from the energized electrical system

* Visually verify the isolation

¢ Lock and/or tag the isolation device(s)

* Test the circuit to ensure the absence of voltage

* If the potential for induced voltages exist, ground the circuit

Control circuits are never to be used as a means of lockout. Only equipment
designed for the purpose of lockout should be used as isolation boundaries. For

TABLE 1.9 Effects on the Human Body from Contact with Energized Circuits

AC Current (A)
Effect of Current High Low
Perception threshold (tingling) 0.001 0.0007
Slight shock — not painful (no loss of ctrl) 0.0018 0.0012
Shock — painful (no loss of ctrl) 0.009 0.006
Shock — severe (muscle ctrl loss, breathing difficulty) 0.023 0.015
Possible ventricular fibrillation (3 sec shock, “let go” threshold) 0.1 0.1
Possible ventricular fibrillation (1 sec shock) 0.2 0.2
Heart muscle activity ceases 0.5 0.5
Tissue and organs burn 1.5 1.5

Source: Reproduced with permission of National Institute for Occupational Safety and Health (NIOSH).
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example, a pull cord on a conveyor belt is interlocked with a contactor to de-energize
the contactor when the pull cord is activated. While the pull cord is an important
safety interlock, it should never be used as a means for isolation for lockout. The
reason for this is that the device that isolates power (the contactor) is not locked and
could be mechanically pulled in to energize the circuit, thereby bypassing the locking
device and the protection of the lock.

Until all of the these steps are completed (this includes testing the circuit and
grounding the circuit if required), the circuit must be considered energized and work-
ing on the circuit must be considered as energized electrical work. You may realize
at this point that the task of testing the circuit to ensure the absence of voltage alone
is considered energized electrical work and requires the proper personnel protective
equipment (PPE) and safe work practices, since the process of testing a circuit to
ensure the absence of voltage may require contact with the circuit before all steps
are completed. Electrical safe work practices should be utilized when verifying the
absence of voltage. Additionally, when verifying absence of voltage, the meter being
utilized should be tested on a known source to verify it is functioning first, then tested
on the circuit that is to be put in the electrically safe working condition, and then tested
again on a known source to verify if it is still functioning. This is also known as the
“test the tester, test the circuit, test the tester” method. This is done to ensure the
integrity of the meter used and the validity of the absence of voltage reading. Also
ensure that the voltage meter being used is rated for the anticipated voltage level of
the system. There have been cases where a worker obtained the incorrect meter and
tested a circuit that the meter was not rated for with catastrophic results.

There are two basic methods of lockout/tagout defined by OSHA. The first
method known as the simple lockout method which involves only one set of circuit
conductors or circuit parts. Each worker is responsible for their own isolation and
lock. Under the simple lockout method, a written procedure is not required for each
lock. Alternately (and more typical in a power plant environment), the second lockout
method is known as the complex lockout/tagout procedure and it involves the use
of a lockout procedure. This system is required to be documented. Instead of the
individual performing the work being responsible for the isolation, there are three
people minimum involved in the isolation procedure. The first is the qualified person
in charge of the lockout. The second is the operator that performs the isolation, installs
the lock, and verifies that the circuit is de-energized. The third person is the one who
is working on the circuit and they are known as the affected person. This system
allows for a method to communicate the change of a lockout status to all affected
persons.

When it is determined that work has to be performed on equipment that is not
put in an electrically safe working condition, then an Electrical Safe Work Permit
(ESWP) should be filled out for the task at hand. This is a very useful document, as
it guides the affected employee to analyze the circuit and determine the shock and
arc flash protection boundaries and the required PPE to work safely. It also forces
the persons asking the affected employee to work a system energized to justify why
the system cannot be placed in an electrically safe work condition. Specifically, the
ESWP has the following items covered and should be filled out and any safety con-
cerns resolved before any energized work is commenced.
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¢ A description of the circuit

* Justification or need to work energized

¢ A description of the safe work practices

* Results of the shock hazard analysis

¢ Determination of shock protection boundaries

* Results of the flash hazard analysis

e The flash protection boundary

* The necessary personal protective equipment (PPE)
* Means employed to restrict access

* Evidence of job briefing

¢ Energized work approval

When working on energized circuits, select the proper equipment and PPE
required for the voltage level of the system. Do not use a 600 V-rated volt meter
to test a 5000 V circuit just because you “know” it is de-energized. If during the test
you find that the equipment is not de-energized, severe injury or death can arise for
the misuse of the wrong class of meter. Also, the PPE selected should be rated for
the voltage level encountered. Details on the correct PPE to select for various types
of hazards can be found from the Occupational Safety and Health Administration
informational booklet OSHA 3151-12R 2003.

ELECTRICAL PPE

Electrical PPE can be broken down into two basic categories that are defined by
the type of hazard that the PPE is intended to protect against. The first category is
shock protection PPE. The purpose of shock protection PPE is to provide an elec-
trically insulating barrier between the employee and the energized part. Any part of
the employee’s body must be protected from the hazard of electrical shock by the
use of electrical PPE when reaching into the restricted approach boundary during
electrical energized work. Shock protection PPE includes non-conducting hard hats,
non-conducting safety glasses, voltage-rated insulating gloves with leather protec-
tors, and insulating sleeves for higher voltages. In addition to these items, types of
supplemental shock protection that may be used are dielectric safety shoes, insulated
blankets, and insulating floor mats. Figure 1.5 shows the typical type of personal
shock protection PPE utilized in the generation station.

The second category of electrical PPE is arc flash protection PPE. The pur-
pose of arc flash protection PPE is to provide a thermally insulating barrier between
the employee and the energized part to reduce the thermal energy exposure of the
employee’s skin in the event of an electrical arcing event. Any part of the employee’s
body must be protected from the hazard of an electrical arc flash by the use of arc
flash PPE when reaching into the arc flash boundary during electrical energized work
or when the employee is interacting with the electrical equipment in a fashion that
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Figure 1.5 Photo of typical shock protection PPE. Source: Reproduced with permission of
OSHA.

could result in an electrical arc flash. The material that forms this thermal barrier is
treated to inhibit the material from igniting when exposed to elevated temperatures up
to the energy values that the material is rated for. The energy value that the material
has been tested to is known as the arc rating (AR) or arc thermal performance value
(ATPV). ATPV is defined as the arc incident energy required to cause the onset of
second-degree burn under the material that is being tested. Arc-rated PPE should not
be confused with flame-resistant (FR) PPE. FR PPE is treated such that it does not
support combustion once the ignition source is removed, but FR PPE is not tested for
its response to electrical arcs like AR-rated PPE is. When selecting PPE for protection
against the hazards of electrical arcs, ensure that the PPE has an AR rating. Figure 1.6
shows the type of personal arc flash protection PPE utilized in the generation station.

Arc flash protection PPE includes arc-rated (AR) shirt and pants or a full AR-
rated coverall suit, AR-rated face shield and balaclava or AR-rated hood, and AR-
rated gloves. For tasks that involve both electrical hazards and arc flash hazards, elec-
trically rated gloves with leather protectors can be used instead of AR-rated gloves
as the leather protectors provide thermal protection and the electrically rated glove
provides the electrical protection.

Just as we stressed previously that the equipment utilized should be rated for the
voltage exposure of the task, the shock protection PPE that is utilized must be rated for
the voltage exposure of the task. For example, insulating gloves have various ratings
or classes depending on their test voltage value and maximum allowable working
voltage level. See Table 1.10 for information on proper glove selection based on the
system working voltage.

Example 1.3  You have been tasked to test a circuit for potential where the circuit
is rated for 4160 V. What is the minimum glove class acceptable for this task?
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Figure 1.6  Photo of typical arc flash protection PPE. Source: Reproduced with permission
of OSHA.

Solution:  From Table 1.10, the minimum acceptable class of glove is Class 1 which
is rated for use up to 7500 Vac. (Note that while Class 0 glove is tested at 5000 V, it
is only allowed to be used on voltages up to 1000 V.)

Any object that enters the restricted approach boundary of an exposed ener-
gized conductor must provide protection for the employee using the object. We have
discussed electrical shock protection PPE, but if an employee uses a tool inside the
restricted approach boundary, that tool must also provide insulation between the

TABLE 1.10 Marking of Rubber-Insulated Glove Classes

Definition of Lineman Insulated Glove Classes

Class Test AC Maximum
Number Voltage Use Voltage
00 2,500 Vac 500 Vac

0 5,000 Vac 1,000 Vac

1 10,000 Vac 7,500 Vac

2 20,000 Vac 17,000 Vac

3 30,000 Vac 26,500 Vac

4 40,000 Vac 36,000 Vac

Source: Reproduced with permission of OSHA.
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Figure 1.7 Typical insulated tools. Source: Reproduced with permission of OSHA.

exposed energized conductor and the employee. Insulated tools are rated to with-
stand at least 1000 V. Note that a metal screwdriver wrapped in electrician’s tape
does not constitute an insulated tool. Insulated tools have their dielectric strength
tested just like shock protection PPE. When performing energized work, only use
rated and tested insulated tools. Most types of tools utilized in electrical work are
available in insulated versions as shown in Figure 1.7.

In addition to the hazard from electrical shock, there also exists a hazard from
an arcing fault from the heat, pressure wave, sound wave, and projectiles that arise
from such a blast. When an arcing fault occurs, the temperature of the arc can exceed
35,000°F, which is about four times hotter than the temperature of the sun, and create
plasma. Plasma is an ionized gas consisting of positive ions and free electrons. Arcing
faults can and do kill at distances exceeding 10 ft depending on the conditions at the
time of the event.

To discuss the arc flash hazard, we have to understand some definitions. The
hazard associated with heat is defined by the incident energy exposure level which
is expressed in calories per square centimeter (cal/cm?). To put some understanding
of the numbers, 1 cal/cm? is equivalent to the exposure on the tip of a finger by a
cigarette lighter for approximately one second. Also, when looking at damage to the
skin that is exposed to heat energy from an arcing event, an exposure energy of only
1.2 cal/cm? may cause a second-degree burn on the human skin.

In addition to the hazard presented by the heat of an arcing fault, there are
hazards associated with the blast as well. When copper is exposed to an arcing event
and expands, it can expand to 67,000 times its solid volume. This rapid expansion
creates a pressure wave and sound wave. This pressure wave can create a fall hazard.
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Also the pressure wave can cause internal organ damage such as collapsed lungs.
The sound wave can cause the sound levels to exceed 160 dB, rupturing ear drums.
Associated with the pressure wave is the shrapnel that is in the gas cloud that can
leave the source of the arcing fault at speeds exceeding 700 miles/hr which is fast
enough to allow shrapnel to completely penetrate the human body.

Below are some definitions specific to arc fault.

¢ ATPV: Maximum incident energy of a PPE system prior to break open.

¢ Arc rating: The value attributed to materials that describe their ability to with-
stand exposure to an electrical arc discharge. The arc rating is expressed in
cal/cm? and is derived from the determined value of the ATPV or energy of
break-open threshold (EBT) (should a material system exhibit a break-open
response below the ATPV value). Arc rating is reported as either ATPV or EBT,
whichever is the lower value.

¢ Flash hazard: Condition caused by the release of energy caused by an electric
arc.

¢ Flashes protection boundary: Distance from live parts where second-degree
burns would result if an arc flash occurred. By definition, this is the distance at
which the incident energy level is at 1.2 cal/cm?.

* Limited approach boundary: Distance from live parts where shock hazard
exists.

* Restricted approach boundary: Distance beyond which only qualified per-
sons may enter because it requires shock protection equipment or techniques.

* Exposed live part: Not suitably guarded, isolated, or insulated.
* Working near (live parts): Any activity inside a limited approach boundary.

* Working on (live parts): Any activity inside a restricted approach boundary
including coming in contact with live parts with body or equipment regardless
of PPE.

The arc flash boundary is the distance from the source of an arc where the
incident energy level will be 1.2 cal/cm?, which is enough thermal energy to cause a
second-degree burn.

OSHA updated CFR 1910.269 in 2014 (the previous revision was in 1994) and
added the following regulation requiring employers to protect their employees from
the hazards of arc flash.

1910.269 (I) (8): Protection from flames and electric arcs

(i) The employer shall assess the workplace to identify employees exposed to haz-
ards from flames or from electric arcs.

(ii) For each employee exposed to hazards from electric arcs, the employer shall
make a reasonable estimate of the incident heat energy to which the employee
would be exposed.

As mentioned previously, an employee must utilize shock protection PPE
whenever they are in the restricted approach boundary (for tasks that conform to
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Is the employee Is the employee exposed to

within the YES energized conductors

arc flash boundary? or
Is the employee interacting with

NO equipment in such a fashion that
an arc flash may occur?
NO YES
Arc flash PPE Arc flash PPE
is not required is required

Figure 1.8 Decision matrix if a task requires arc flash PPE.

Subpart S) or whenever they are in the minimum approach distance (for tasks that
conform to Part 269). How about arc flash PPE? An employee must utilize arc flash-
rated PPE whenever they are exposed to a potential arc flash. So when is that? When-
ever the employee is within the arc flash boundary and if the employee is exposed to
energized conductors OR if the employee is interacting with the equipment in such
a fashion as they could be exposed to an arc flash, then the employee must utilize
arc-rated PPE. The flow chart in Figure 1.8 depicts this explanation.

OSHA allows for the use of tables such as those found in NESC or by analy-
sis. Appendix E of OSHA 1910.269, as is shown in Table 1.11, lists which methods
of incident energy calculation are applicable for various voltage levels whether the
exposure is in open air or in an enclosure.

For voltages less than 15 kV, OSHA recommends the use of NFPA 70E tables or
IEEE 1584 equations as methods to determine the incident energy levels. For voltages
in excess of 15 kV, OSHA does not recommend the use of NFPA 70E or IEEE1584,
but rather recommends ARCPRO for analysis or NESC tables can alternately be uti-
lized. IEEE 1584 and ARCPRO analysis methods tend to be calculation-intensive.

TABLE 1.11  Allowable Methods for Selection of Arc Flash Boundary and PPE

600 V and Less 601 Vto 15 kV More than 15 kV
Incident Energy
Calculation Method 1P 3PA 3PB 1P 3PA 3PB 1P 3PA 3PB
NFPA 70E-2012 Y-C Y N Y-C Y-C N N N N

Annex D (Lee equation)

Doughty, Neal, and Floyd  Y-C Y Y N N N N N N
IEEE Std 1584b-2011 Y Y Y Y Y Y N N N
ARCPRO Y N N Y N N Y Y Y

Source: Reproduced with permission of OSHA.

1P: Single-phase arc in open air.

3PA: Three-phase arc in open air.

3PB: Three-phase arc in an enclosure (box).

Y: Acceptable — produces a reasonable estimate of incident heat energy from this type of electric arc.

N: Not acceptable — does not produce a reasonable estimate of incident heat energy from this type of electric arc.
Y-C: Produces a reasonable, but conservative, estimate of incident heat energy from this type of electric arc.
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ARCPRO and IEEE 1584 analysis software takes into account many variables such
as the voltage level of the system, the gap between buses, the clearing time of the
device, and other parameters that affect the value of the incident energy level. Due
to the complexity of these calculations, the details of these calculations are beyond
the scope of this introductory material. Normally, a computer-based software is uti-
lized to obtain results (Note: IEEE provides spreadsheet along with IEEE 1584 to
assist in calculations of incident energy levels). Below we will explain the use of the
table method in NFPA 70E that OSHA allows for systems less than 15 kV and we
will explain the use of the table method in NESC that OSHA allows for systems over
15 kV.

ARC FLASH ANALYSIS UTILIZING NFPA 70E TABLES

The arc flash PPE category and arc flash boundary can be determined using NFPA
70E Table 130.7(C)(15)(A)(b) — Arc-Flash Hazard PPE Categories for Alternating
Current (ac) Systems or Table 130.7(C)(15)(B) — Arc-Flash Hazard PPE Categories
for Direct Current (DC) Systems.

These tables break the task down to three questions: What is the type of equip-
ment that the task involves? What is the maximum short-circuit current available?
And what is the maximum fault clearing time? With those three pieces of information,
the tables can be used to determine the arc flash PPE category (based on a working
distance given in the table) and the arc flash boundary. Remember that if the task is
being done outside the arc flash boundary, then arc flash PPE is not required because
the incident energy level is less than 1.2 cal/cm?. The student can access NFPA
70E® online at http://www.nfpa.org/codes-and-standards/document-information
-pages?’mode=code&code=70E. In NFPA 70E, Table 130.7(C)(15)(A)(b) (Arc-Flash
Hazard PPE Categories for Alternating Current (AC) Systems) provides guidance to
the arc flash PPE category and arc flash boundary for AC systems for various types
of equipment. Note that the short-circuit current available, the maximum clearing
time, and the working distance are all important parameters to the table. To utilize the
tables, the actual short-circuit current must be equal to or less than the value given in
the table, the actual clearing time must be equal to or less than the value given in the
table, and the working distance must be equal to or greater than the value given in
the table. Similarly, for DC systems, Table 130.7(C)(15)(B) (Arc-Flash Hazard PPE
Categories for Direct Current (DC) Systems) provides guidance to the arc flash PPE
category and arc flash boundary for DC systems for various types of equipment. Just
as for the AC table, the short-circuit current and clearing time of the actual applica-
tion must be equal to or less than the value in the table and the working distance must
be equal to or greater than the value in the table.

Example 1.4 You have been given a task of pulling a molded case circuit breaker
from a 120/240 Vac panel. The fault current at the panel is 10 kA and the panel
is protected by a current limiting fuse, so the clearing time is 1 cycle. What is the
arc flash boundary and what is the arc flash PPE required to perform the above
task?
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Solution:  To solve, the student will need to view the current NFPA 70E standard
at: http://www.nfpa.org/codes-and-standards/document-information-pages?mode=
code&code=70E.

From Table 130.7(C)(15)(A)(b) first row, which lists the requirements for pan-
els with voltages at 240 Vac and below and short-circuit currents of 25 kA and clear-
ing time less than 2 cycles, we find that the arc flash PPE required is Category 1 at a
distance of 18 in. and the arc flash boundary is 19 in.

So what is arc flash PPE Category 1? NFPA 70E breaks down arc flash cate-
gories into four levels based on a range of energy exposure possible. Arc flash PPE
Category 1 must protect again an incident energy level of at least 4 cal/cm?. Arc flash
PPE Category 2 must protect again an incident energy level of at least 8 cal/cm?.
Arc flash PPE Category 3 must protect again an incident energy level of at least 25
cal/cm?. Arc flash PPE Category 4 must protect again an incident energy level of at
least 40 cal/cm?. Notice that there is no category above 40 cal/cm?. This is because
at energy levels that high, heat is not the only hazard to personnel but also hot gases,
projectiles, pressure wave, and UV radiation. Due to the magnitude of these other
hazards, there is no level of PPE that can protect a person at energy levels in excess
of 40 cal/cm?.

Example 1.5 A task has been assigned to remove a molded case circuit breaker
from a 120 Vac panel where there is a maximum bolted fault value of 8 kA and the
clearing time is 5 cycles; can you use the tables in NFPA 70E for the determination
of the correct arc flash PPE for this task? If you can, what is the arc flash PPE level
required for this task?

Solution:  To solve, the student will need to view the current NFPA 70E standard
at: http://www.nfpa.org/codes-and-standards/document-information-pages ?mode=
code&code=70E.

You could not use the table to determine the PPE, but have to perform a full
arc flash analysis. This is because the table lists only one row for 240 Vac panels and
it has the limits of a maximum fault current of up to 25 kA and maximum clearing
time of up to 2 cycles. Since clearing time of this application is actually 5 cycles, the
tables cannot be used and an analysis must be performed.

Example 1.6 You have been given a task of pulling a molded case circuit breaker
from a 125 Vdc panel. The fault current at the panel is 10 kA and the panel is pro-
tected by a current limiting fuse, so the clearing time is 1 cycle. What is the arc flash
boundary and what is the arc flash PPE required to perform the above task?

Solution:  To solve, the student will need to view the current NFPA 70E standard
at: http://www.nfpa.org/codes-and-standards/document-information-pages ?mode=
code&code=70E.

From Table 130.7(C)(15)(B) third row, which lists the requirements for panels
with voltages between 100 Vdc and 250 Vdc and short-circuit currents between 7
kA and 15 kA and clearing time less than 2 seconds, we find that the arc flash PPE
required is Category 3 at a distance of 18 in. and the arc flash boundary is 6 ft.
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The hazard of arc flash can be minimized by proper equipment design and
proper operational procedures. PPE should be a last resort to meeting the require-
ments of arc flash protection. The incident energy of the arc flash hazard is primarily
a function of current and time. By specifying low current let through fuses, equipment
on the downstream side of fuses can have reduced incident energy levels. Current lim-
iting fuses can provide a dramatic reduction of incident energy levels if the value for
arcing current is within the current limiting range of the fuse. When the fuse is applied
such that the arcing current is within the current limiting range of the fuse, the fuse
will clear this fault current in less than one cycle. One drawback of using the current-
limiting fuse is the difficulty in trying to coordinate downstream protection devices
with the fuse. Therefore, current-limiting fuses are used only when they are the last
circuit-protective device on the radial feeder.

Relay settings are another method of providing faster trip times for electrical
equipment. The challenge for the protection engineer is to provide long enough trip
settings to allow for both normal system operations such as motor locked rotor cur-
rents when starting and to allow for coordination of the protective system such that,
when a fault occurs, the relays operate fast enough to provide minimum amount of
incident energy levels at the equipment where the fault occurs and still allow for
acceptable coordination.

The above discussion addressed arc flash as defined by NFPA 70E which is the
standard OSHA recommends for voltages of 15 kV and below. For voltages in excess
of 15 kV, OSHA recommends use of NESC. NESC arc flash tables were substan-
tially updated in the 2012 version. Table 410-1, as shown in Table 1.12, addresses
arc flash PPE requirements for various types of equipment for voltages of 50 Vac to
1000 Vac. Table 410-2, a portion of which is shown in Table 1.13, addresses arc flash
PPE requirements for voltages from 1.1 kV to 46 kV based on the system voltage
level, maximum fault current level, and maximum fault clearing time. Table 410-3
addresses arc flash PPE requirements for voltages in excess of 46 kV based on the
system voltage level, maximum fault current level, and maximum fault clearing time.

TABLE 1.12  Clothing Systems for Voltages <1 kV

Nominal Voltage Range and cal/cm?

Equipment Type 50-250 vV 251-600 V 601-1000 V
Self-contained meters/cabinets 4 20 30
Pad-mounted transformers 4 4 6
CT meters and control wiring 4 4 6
Metal-clad switchgear/MCCs 8 40 60
Pedestals/pull boxes/hand holes 4 8 12
Open air (includes lines) 4 4 6
Network protectors 4 >60 >60
Panel boards — single-phase (all)/three-phase 4 8 12
(<100 A)
Panel boards — three-phase (>100 A) 4 >60 >60

Source: Reproduced with permission of IEEE.
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TABLE 1.13  Clothing Systems for Voltages >1 kV

4-Cal System 8 Cal-System 12-Cal System

Phase-to-Phase Fault Current Max Clearing Max Clearing Max Clearing

Voltage (kV) (kA) Time (cycles) Time (cycles) Time (cycles)
1to 15 5 46.5 93 139.5
10 18 36.1 54.1
15 10 20.1 30.1
20 6.5 13 19.5
15.1to 25 5 27.6 55.2 82.8
10 11.4 22.7 34.1
15 6.6 13.2 19.8
20 4.4 8.8 13.2
25.1to 36 5 20.9 41.7 62.6
10 8.8 17.6 26.5
15 5.2 10.4 15.7
20 3.5 7.1 10.6

Source: Reproduced with permission of IEEE.

Example 1.7 You have been given the task of performing a phase check between
two circuits energized at 22 kV. The maximum fault current level is 10 kA and the
maximum clearing time is 5 cycles. What is the minimum arc flash PPE required for
this task?

Solution: ~ From NESC Table 410-2 (Table 1.16 in text book) we can see that for
22 kV, a fault current level of 10 kA, and a 5 cycle clearing time, a 4 calorie suit will
provide adequate protection.

Approach Boundaries

The minimum distance that a person is permitted to get to an exposed energized con-
ductor is defined by the approach boundary. This boundary is for shock protection,
not arc flash protection. As such, this only applies when energized conductors are
exposed. Keep in mind that the arc flash boundary may lie within the approach bound-
aries or may be outside of the approach boundaries. The definitions of the approach
boundaries are listed below.

* Limited approach boundary: Distance from live parts where shock hazard
exists. Persons must either be qualified or be escorted by a qualified person to
enter the limited approach boundary. Note, there is a value for a fixed conductor
and another value for a movable conductor. Unqualified persons are not permit-
ted to cross the restricted approach boundary even when escorted by a qualified
person.



HAZARDOUS/CLASSIFIED AREAS 25

¢ Restricted approach boundary: A distance beyond which only qualified persons
may enter because it requires shock protection equipment or techniques. It is
considered the same as making contact with the energized conductor. Inside the
restricted approach boundary, the employee must utilize shock protection PPE,
insulated tools, and safe energized electrical work practices.

Prior to the 2015 version of NFPA 70E®, there was also a “prohibited approach
boundary,” but this term was removed as of the 2015 version of NFPA 70E®. The val-
ues for boundary distances are given in NFPA 70E, Table 130.4 (D) (a) for AC sys-
tems and Table 130.4 (D) (b) for DC systems. The student is encouraged to view the
current NFPA 70E standard at: http://www.nfpa.org/codes-and-standards/document-
information-pages?mode=code&code=70E.

HAZARDOUS/CLASSIFIED AREAS

In environments where ignitable and/or combustible materials are stored, handled,
or utilized, where the materials may be in sufficient quantities to introduce a fire or
explosion hazard, the area must be classified as to the type of hazard. Equipment uti-
lized in a classified area must be rated for service in this area. The equipment must be
labeled for the area classification, the gas classification group, and the operating tem-
perature of the equipment. For Class I equipment, the operating temperature of the
equipment must be less than the autoignition temperature of the material presenting
the hazard for that area. Additionally, threaded metallic conduit that presents a con-
ductive path must be wrench tight. Equipment with conductive panels and surfaces
must have panels and surfaces solidly secured such that a good path for conduction of
fault current is present. Flexible metallic conduit must utilize a grounding bushing on
each side of the metallic conduit and have a bonding jumper in parallel with the flexi-
ble metallic conduit to provide this path for the conduction of fault currents. The goal
is to ensure that, should fault current flow in the metallic materials, there are no high
impedance connections between metallic parts that can present and arc/spark haz-
ard in the hazardous environment providing an ignition source. NEC® also requires
that any equipment utilized in a classified area be selected under the supervision of
a registered professional engineer. The process of calculations and the results of the
calculations for area classification are required to be documented.

The NESC refers the user back to the NEC® articles 500 to 517 for classifica-
tion of hazardous areas but NESC provides additional requirements in section 127.
For example, NESC127G prohibits gaseous hydrogen storage from being located
beneath electric power lines. The National Electrical Code® provides for two types
of area classification, the “Class” system and the “Zone” system. To date, a majority
of electric utility locations in the United States that require compliance with NEC®
utilize the “Class” system.

Because of this, the “Class” system will be introduced first and the “Zone”
system second. However, either system, when properly administered, will satisfy the
requirements of NEC®, NFPA standards, and OSHA requirements.
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CLASSIFIED AREA - “CLASS” SYSTEM

In the “Class” system, there are three classes of materials. The “class” of the system is
based on the material that poses the hazard to the area. Under the “class” designation,
there is a sub-designation of division. The division of the system is based on whether
the material is found in the area under normal operation in quantities and form suffi-
cient to pose a hazard, or whether the material would only be present in an abnormal
condition. Additionally, a Division 1 area cannot be adjacent to an unclassified area.
There must be a Division 2 area between the unclassified area and the Division 1. The
NEC®-defined values for the “Class” system of area classification are listed below.

* Class I location where flammable gases or vapors may be present in air to an
explosive level

— Division 1 — Flammable gases or vapors exist under normal operations or
frequently or faulty equipment operation may cause simultaneous failure of
electrical equipment

— Division 2 — Flammable gases or vapors are used, but not normally in explo-
sive concentrations or concentration prevented by positive mechanical ven-
tilation or is adjacent to Class I, Division 1

* (lass II location where combustible dust may be present

— Division 1 — Combustible dusts exist under normal operations or faulty
equipment operation may cause simultaneous failure of electrical equipment
or where combustible dusts are electrically conductive

— Division 2 — Combustible dusts not normally in explosive concentrations or
concentration may prevent cooling of electrical equipment

¢ Class III location where easily ignitable fibers may be present
— Division 1 — Where fibers are produced, handled, or used
— Division 2 — Areas where stored or handled other than manufacturing process

Example 1.8 The filling station for the hydrogen storage tanks for a power genera-
tion facility has been deemed as a location where, under normal operations of filling
the storage tank with hydrogen (a flammable gas), the area will frequently contain an
explosive mixture of hydrogen when the relief value lifts. What are the correct class
and division for this hazardous area classification?

Solution:  This would be Class I (flammable gas or vapor), Division 1 (Flammable
gases or vapors exist under normal operations or frequently).

For the “Class” system of area classification, the appropriate standards to pro-
vide guidance on the classification of the locations are NEC® — National Electri-
cal Code®, NFPA 497 — Classification of Flammable Liquids, Gases, or Vapors and
of Hazardous (Classified) Locations for Electrical Installations in Chemical Process
Area, and NFPA 499 — Classification of Combustible Dusts and of Hazardous (Clas-
sified) Locations for Electrical Installations in Chemical Process Area.
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NFPA 497 provides guidance to the classification of flammable liquids, gases,
and vapors. Below are some definitions that are useful to understand the application
of classified systems.

The autoignition temperature (AIT) of a material is the minimum temperature
required to initiate or cause self-sustained combustion of the material independently
of the external heating device.

The flash point of a material is the minimum temperature at which a liquid gives
off vapor in sufficient quantity to form an ignitable mixture.

A combustible liquid is any liquid that has a flash point at or above 100°F,
(37.8°C). Combustible liquid classifications are broken down into three levels:

¢ Class II liquid — Any liquid that has a flash point at or above 100°F (37.8°C)
and below 140°F (60°C)

¢ Class IIIA liquid — Any liquid that has a flash point at or above 140°F (60°C)
and below 200°F (93°C)

¢ Class IIIB liquid — Any liquid that has a flash point at or above 200°F (93°C)

Combustible liquids will form an ignitable mixture only when heated above its
flash point. Flammable liquids will evaporate at a rate that depends on its volatility.
The lower the flash point of a material, the greater the volatility, and the faster the
evaporation.

A flammable liquid is any liquid with a flash point below 100°F, (37.8°C). Their
classification is broken down into four levels:

¢ Class I liquid — Any liquid that has a flash point below 100°F (37.8°C).

¢ Class IA liquid — Any liquid that has a flash point below 73°F (22.8°C) and a
boiling point below 100°F (37.8°C).

¢ Class IB liquid — Any liquid that has a flash point below 73°F (22.8°C) and a
boiling point at or above 100°F (37.8°C).

¢ Class IC liquid — Any liquid that has a flash point at or above 73°F (22.8°C),
but below 100°F (37.8°C).

The maximum experimental safe gap (MESG) is the maximum clearance
between two parallel metal surfaces that has been found to prevent an explosion
from being propagated from one chamber to another chamber normalized to methane.
The minimum igniting current ratio (MIC ratio) is the ratio of the minimum current
required from an inductive spark discharge to ignite the most easily ignitable mixture
of a gas or vapor, divided by the minimum current required from an inductive spark
discharge to ignite methane under the same conditions. A lower MIC ratio means less
current is required to instigate ignition.

Combustible materials in Class I (liquids and vapors) are divided into four
groups depending on their MESG or their MIC ratio. These groups are as follows:

* Group A — Acetylene.

* Group B — Flammable gas or vapor that has either an MESG less than or equal
to 0.45 mm or an MIC ratio of 0.40 or less. A typical Class I, Group B material
is hydrogen.
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* Group C — Flammable gas or vapor that has either an MESG greater than
0.45 mm and less than or equal to 0.75 mm or an MIC ratio greater than 0.40
and less than 0.80. A typical Class I, Group C material is ethylene.

¢ Group D — Flammable gas or vapor that has either an MESG greater than
0.75 mm or an MIC ratio greater than 0.80. A typical Class I, Group D material
is Propane.

The minimum ignition energy (MIE) is the minimum energy required from a
capacitive spark discharge to ignite the most easily ignitable mixture of gas or vapor.

Air density is an important property as it determines if gases will settle to the
ground level, collect and displace air, or if the gases will tend to raise and disperse.
Vapor density values less than 1.0 means the gas is lighter than air and will tend to
dissipate rapidly in the atmosphere. Vapor density values greater than 1.0 means the
gas is heavier than air and will tend to fall to grade elevation and collect in low-lying
areas displacing air until they are force-ventilated away from the area.

NFPA 497, as shown in Table 1.14, provides tables with physical properties of
flammable liquids, gases, and vapors to help with the classification process. Typical
information is shown in Table 1.14 for several gases.

Example 1.9 The filling station for the hydrogen storage tanks has been deemed a
classified area. What group letter is this gas?

Solution:  This is a Group B gas (see definition of combustible material groups).

TABLE 1.14 NFPA 497 Table 4.4.2 — Selected Chemical Properties

Class I Flash Vapor

Division  Point AIT Density
Chemical CAS No. Group ) ({®) % LFL % UFL (Air=1)
Hydrogen 1333-74-0 Bd 520 4.0 75.0 0.1
Hydrogen cyanide  74-90-8 Cd —18 538 5.6 40.0 0.9
Hydrogen selenide  7783-07-5 C
Hydrogen sulfide ~ 7783-06-4 Cd —18 260 4.0 44.0 1.2
Isoamyl acetate 123-92-2 D 25 360 1.0 7.5 4.5
Isoamyl alcohol 123-51-3 D 43 350 1.2 9.0 3.0
Isobutane 75-28-5 Dg 460 1.8 8.4 2.0
Isobutyl acetate 110-19-0 Dd 18 421 2.4 10.5 4.0
Isobutyl acrylate 106-63-8 D 427 44
Isobutyl alcohol 78-83-1 Dd —40 416 1.2 10.9 2.5

Source: Reproduced with permission from NFPA 497, Recommended Practice for the Classification of Flammable Lig-
uids, Gases, or Vapors and of Hazardous (Classified) Locations for Electrical Installations in Chemical Process Areas,
Copyright © 2012, National Fire Protection Association. This is not the complete and official position of the NFPA on the
referenced subject, which is represented only by the standard in its entirety. The student may download a free copy of the
NFPA 497 standard at: http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=497.


http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=497

CLASSIFIED AREA — “CLASS” SYSTEM 29

Grade

Below grade location such
as a sump of trench
Material: Flammable liquid, liquefied flammable gas,
compressed flammable gas, and cryogenic liquid

Small/low | Medium | Large/High
Eguipment X X Il Division 1
Size Division 2
Pressure X X
Flow rate X X

Figure 1.9 NFPA 497 Table 5.9.2 (a) — Leakage located outdoors, at grade. The material
being handled could be a flammable liquid, a liquefied or compressed flammable gas, or a
flammable cryogenic liquid. Source: Reproduced with permission from NFPA 497,
Recommended Practice for the Classification of Flammable Liquids, Gases, or Vapors and of
Hazardous (Classified) Locations for Electrical Installations in Chemical Process Areas,
Copyright © 2012, National Fire Protection Association. This is not the complete and official
position of the NFPA on the referenced subject, which is represented only by the standard in
its entirety. The student may download a free copy of the NFPA 497 standard at: http://www.
nfpa.org/codes-and-standards/document-information-pages ?mode=code&code=497.

Example 1.10 The filling station for the hydrogen storage tanks has been deemed
a classified area. Will the hydrogen gas tend to displace the surrounding air and settle
or will the air tend to displace the hydrogen gas and the hydrogen gas will disperse?

Solution:  Hydrogen has a vapor air density of 0.1. This means that the density of
hydrogen at standard atmospheric temperature and pressure is 10% of the value of air.
Because of this, hydrogen would not settle to the ground level, but disperses quickly
in the air.

Note that the upper flammability level in air for hydrogen is 75% and the lower
flammability level in air for hydrogen is 4% from Table 1.14. This means that for
concentrations below 4% hydrogen or above 75% hydrogen, the mixture of hydrogen
and air is not flammable. Also, note the AIT of hydrogen is high at 520°C. Hydrogen
is a Class I, Group B material.

NFPA 497 also provides guidance depending on the type of material and
the physical layout of the area for dimensions for area classification. Figure 1.9
shows an example of Figure 4.9.2(a) out of the standard which applies to gases with
vapor densities greater than 1 (i.e., gases tend to settle to the ground) for outdoor
installations for a facility at grade. Notice for this application that the below grade
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location is a Division 1 location, since gases with vapor densities greater than 1 will
tend to accumulate in this location.

NFPA 499 provides guidance for the classification of combustible dusts. By
definition under the “Class” system, combustible dusts in sufficient quantity to present
a hazard are Class II areas. Below are some definitions that are useful to understand
the application of classified systems. Combustible dust is any finely divided solid
material 420 microns or less in diameter that presents a fire or explosion hazard when
dispersed. Class II combustible dusts are divided into three groups as follows.

* Group E — Atmospheres containing combustible metal dusts. Typical dusts in
this group are aluminum, magnesium, or other metallic alloys.

* Group F — Atmospheres containing combustible carbonaceous dusts that have
more than 8% total trapped volatiles or that have been sensitized by other mate-
rials so that they present an explosion hazard. Typical dusts in this group are
coal, carbon black, charcoal, and coke dusts.

* Group G — Atmospheres containing combustible dusts that do not fall into the
Group E or Group F designation. Typical dusts in this group are flour, grain,
wood, plastic, and other similar chemicals.

Dust particles tend to settle out of the atmosphere and form a layer on equip-
ment. This dust layer acts as a blanket and can reduce the heat removal efficiency of
equipment causing equipment skin temperature of operating equipment to rise to val-
ues greater than design. This should be taken into account when specifying equipment
for Class II areas. Additionally, while dusts suspended in atmosphere may present a
hazard, once they drop out of the atmosphere and form layers, if left undisturbed and
not in direct contact with the ignition source, they will not present a hazard. However,
if a small amount of dust is in the air and provides fuel for a small explosion, the pres-
sure wave may cause the layered material to become airborne, providing substantial
amount of additional fuel causing a second and oftentimes more damaging explo-
sion. For this reason, good housekeeping is essential in areas classified as Class II
hazardous locations. Keeping the amount of material that has settled out on equip-
ment to a minimum will help minimize the damage from any secondary explosions
that occur due to the pressure wave displacing layered dusts.

In Class II locations, there are three common methods of ignition. The first
method of ignition is having combustible dusts suspended in the atmosphere and an
ignition source presents itself. The second method of ignition is when combustible
dusts have formed a layer on electrical equipment, reducing the heat removal effi-
ciency of the electrical equipment and the skin of the electrical equipment reaches
the AIT of the dust. The third method is when a Group E dust (metal dust) is present
either layered or suspended in air and a sufficient amount of current flows through the
conductive dust to cause ignition of the dust. In determining whether a Class Il area is
Division 1 or Division 2, the quantity of dust, its physical and chemical properties, its
dispersion properties, and the location of walls and surfaces must all be considered.
If either under normal or abnormal operation of equipment, a dust cloud may form,
the area should be classified as a Division 1 area. Also if a layer forms on equipment
that is greater than 1/8th of an inch in thickness, then this area should be classified
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TABLE 1.15 Portion of Table 4.5.2, from NFPA 499

NEC Layer or Cloud Ignition

Chemical Name CAS No. Group Code  Temperature (°C)
Chlorinated polyether alcohol G 460
Chloroacetoacetanilide 101-92-8 G M 640

Chromium (97%) electrolytic, milled ~ 7440-47-3 E 400

Cinnamon G 230

Citrus peel G 270

Coal, Kentucky bituminous F 180

Coal, Pittsburgh experimental F 170

Coal, Wyoming F

Cocoa bean shell G 370

Cocoa, natural, 19% fat G 240

Source: Reproduced with permission from NFPA 499, Recommended Practice for the Classification of Combustible
Dusts and of Hazardous (Classified) Locations for Electrical Installations in Chemical Process Areas, Copyright © 2013,
National Fire Protection Association. This is not the complete and official position of the NFPA on the referenced subject,
which is represented only by the standard in its entirety. The student may download a free copy of the NFPA 499 standard
at: http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=499.

as a Division 1 area since, in the event of a pressure wave, the layered material may
become airborne and present a secondary explosion hazard.

There are also additional hazards due to dusts that do not directly associate with
the explosion hazard. Group E dusts, being metallic dusts, can conduct electricity.
Therefore, these dusts may provide path for shorts in electrical equipment causing
failure of the electrical equipment. The resulting arc from the short may provide the
ignition source for explosion. Additionally, certain ferrite-based metals are or may
become magnetized by electromagnetic fields and concentrate in areas where EM
field exists. Zirconium, thorium, and uranium dusts have extremely low AIT values
(some as low as 20°C). This may lead to challenges when handling such dusts.

NFPA 499 provides data on various materials that can form dusts in a facil-
ity. It defines the NEC® materials group designation and provides the value of the
AIT of the material. It also provides classification diagrams that show recommended
dimensions for various area configurations depending on the dust properties and the
surrounding area properties. Table 1.15 shows properties for several types of dust
from NFPA 499 and Figure 1.10 shows a classification diagram for a Group F or
Group G dust in an indoor area from NFPA 499, unrestricted area with operating
equipment.

For example, from the data in Table 1.15 for Kentucky bituminous coal, NFPA
defines this as a Class F dust with an AIT of 180°C. If a piece of operating equip-
ment were located in an area that handles Kentucky Bituminous Coal and it is deter-
mined that this area is to be classified, due to concentration of the dust, the area at
the equipment would be a Division 1 area. Then from Figure 1.10, the Division 1
area should extend 20 ft from the equipment. Beyond this, for an additional 10 ft, this
would be classified as a Division 2 area. Beyond this, the area is unclassified assum-
ing there are no other sources for hazardous material other than the equipment of this
example.
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Elevation view Plan view
20 ft /
(6.1 m) 10 ft Source
10 ft (3.05 m) 7
(3.05 m) 62? ft ) (62? ft \ Unclassified O 10 ft
Am Am L=

/ (8.05 m)
|:| Division 1 % Division 2

Description of dust condition /

Division 1 Division 2
Moderate or dense dust cloud. No visible dust cloud.
Dust layer greater than 1/8 in (3 mm). Dust layer less than 1/8 in (3 mm)
and surface color not discemible.
Figure 1.10 Figure 4.8(a) from NFPA 499 — Group F or Group G Dust — Indoor,
Unrestricted Area; Open or Semi-Enclosed Operating Equipment. Source: Reproduced with
permission from NFPA 499, Recommended Practice for the Classification of Combustible
Dusts and of Hazardous (Classified) Locations for Electrical Installations in Chemical
Process Areas, Copyright © 2013, National Fire Protection Association. This is not the
complete and official position of the NFPA on the referenced subject, which is represented
only by the standard in its entirety. The student may download a free copy of the NFPA 499
standard at: http://www.nfpa.org/codes-and-standards/document-information-
pages?mode=code&code=499.

CLASSIFIED AREA - “ZONE” SYSTEM

In the “Zone” system, the hazardous area zone is defined by three items, the type
of hazard that is present in the area (defined by the “Class”), the possibility of the
hazard being present in sufficient quantities to present ignitable/explosive concentra-
tions (defined by the “Zone”), and the AIT of the hazardous material (defined by the
“Group).

In the “Zone” system, the “group” defines the ignitability of the material that
presents the hazard to the area. For gases and vapors, the group information provides
information as to the energy required to support the combustion process for the mate-
rial involved. This is denoted by the MIC or the MESG value. NFPA 497 defines three
groups.

¢ Group IIC — Flammable gas or vapor that has either an MESG less than or equal
to 0.50 mm or an MIC ratio of 0.45 or less. A typical Class I, zone, Group IIC
material is acetylene or hydrogen.

¢ Group IIB — Flammable gas or vapor that has either an MESG greater than
0.50 mm and less than or equal to 0.90 mm or an MIC ratio greater than 0.45
and less than 0.80. A typical Class I, zone, Group IIB material is acetaldehyde
or ethylene.

* Group IIA - Flammable gas or vapor that has either an MESG greater than
0.90 mm or an MIC ratio greater than 0.80. A typical Class I, zone, Group ITA
material is acetone, ammonia, ethyl alcohol, gasoline, methane, or propane.


http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=499
http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=499
http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=499
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The actual “zone” is a description of the probability of the hazardous material
being present in sufficient quantities to present an ignitable/explosive mixture in the
environment. There are three zones for gases and vapors.

* A Zone 0 location is where a flammable atmosphere is highly likely to be
present and/or may be present for long periods of time or even continuously.

* A Zone 1 location is where a flammable atmosphere is possible but not likely
and is most likely not to be present for long periods of time.

* A Zone 2 location is where a flammable atmosphere is unlikely to be present
except for very short periods of time. This is also used where under normal
equipment operations, the flammable atmosphere is not present, but in the event
of equipment malfunction, the flammable atmosphere may become present
until equipment is restored.

There are also three zones for dusts and ignitable fibers.

* A Zone 20 location is an area where combustible dust or ignitable fibers and
flyings are present continuously for long periods of time and in quantities suf-
ficient to be hazardous.

¢ A Zone 21 location is an area where combustible dust or ignitable fibers and
flyings are likely to exist occasionally under normal operation and in quantities
sufficient to be hazardous.

* A Zone 22 location is an area where combustible dust or ignitable fiber and
flyings are not likely to occur under normal operation in quantities sufficient to
be hazardous.

As a side note, since dusts can settle on equipment and reduce the heat removal
efficiency of equipment causing the equipment to run at higher temperature than nor-
mal, there may be an equipment derating applied to the AIT of the material for appli-
cation of equipment.

In addition to classifying the area as to the hazardous material (group) and the
likelihood of the material being present in sufficient quantities for ignitable atmo-
sphere (zone) there is an additional classification for equipment temperature classes
to ensure the equipment does not approach the AIT of the material presenting the
hazard. Equipment rated for operation in classified areas has a rating “T-Class” to
define the maximum operating temperature of the equipment. All equipment tem-
perature ratings are based on a temperature rise above a certain maximum ambient
temperatures. Unless otherwise listed by the equipment manufacturer, the basis for
the T-Class rating is with a maximum ambient temperature of 40°C. Operation of
equipment above the maximum allowable rated ambient temperature is not allowed
and the equipment must have a T rating based on actual ambient conditions. This is
the reason for “derate” when equipment is installed in areas with dusts that can cover
equipment and lower the heat removal efficiency of the equipment leading to higher
operating temperatures. Below is list of the six basic values for T-Class (there are
additional T-Class ratings that some OEMs can provide).

* T, -450°C
* T, -300°C
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* T, —200°C
« T,-135°C
* Ts - 100°C
e Tg - 85°C

Example 1.11 A classified area will contain Kentucky bituminous coal (see Table
1.15). The lighting fixtures in the room must be rated to operate at a surface temper-
ature below the AIT of the coal. Assuming the maximum ambient temperature of the
room is the same as the equipment rating of 40°C, which of the equipment T-Classes
will be acceptable?

Solution:  For Kentucky Bituminous Coal, the AIT is 180°C (From Table 1.15).
For equipment to be utilized in an atmosphere that may contain this material, the
equipment should have a T4, TS, or T6 rating. Equipment with a T1, T2, or T3 rating
may result in equipment skin temperatures that exceed the AIT of the coal. If the coal
is expected to cover the electrical equipment, then a derate may be applied preventing
the use of the T4 rating.

BOILER CONTROL AND BURNER MANAGEMENT

Another very important subject in power plant safety is the safe operation of boiler
and combustion systems and the unique hazards these systems present. NFPA 85 —
Boiler and Combustion System Hazards Code provides guidance to the safe control
of these systems to prevent hazards such as implosion or explosion. This standard
addresses the minimum requirements for combustion systems and controls. This is
a critical system for safety since, under normal operation of a boiler, we intention-
ally combine air, a combustible material, and an ignition source creating a hazardous
atmosphere in the furnace section of the boiler. The hazardous mixture must be safety
controlled to ensure that the conditions do not arise that can present an explosive or
implosive event.

For most boilers, the positive transient design pressure must be at least +35
inches of water and the negative transient design pressure must be at least —35 inches
of water. The positive value is to ensure that the boiler remains intact during a positive
pressure excursion and does not explode. The negative value is to ensure that the
boiler will remain intact during a negative pressure excursion and does not implode.

NFPA 85 covers areas such as normal startup and shut down procedures as
well as procedures used in the event of a boiler trip to ensure that an explosive or
implosive condition does not occur. The details for control depend on the type of
system involved. Below is an introductory discussion of some of the requirements
for NFPA 85. For more detailed information, the reader is advised to refer to the
latest copy of NFPA 85.

At minimum, there are several interlocks required to ensure proper boiler con-
trols. When the control system detects a loss of flame in the burner, the system must
remove the fuel source to the burner and isolate the ignition source. This is because,
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if the fuel being supplied to the burner system is not being combusted in the furnace
section, then the explosive mixture of air and fuel may remain in the boiler and in the
duct system downstream. Any point that presents an ignition source (like the rotating
air preheater member causing a momentary spark during rotation) could lead to an
explosion of the system.

If an induced draft (ID) fan is tripped, the associated dampers to that fan should
be closed unless that is the last ID fan in service. Additionally, if the ID and forced
draft (FD) fans are paired, then the associated FD fan should be tripped and its asso-
ciated damper closed as well. This is done to minimize the pressure transient that
may occur if an ID fan tripped but the associated FD fan did not. If the last ID fan in
service is tripped, then the dampers should remain full open. This is to allow for the
removal of combustibles from the boiler utilizing natural ventilation and/or the ven-
tilation of the associated FD fan. Also on the loss of all ID fans, the master fuel trip
should be activated to remove fuel from the burner. Additionally, if furnace pressure
exceeds (either positive or negative) pressure values provided by the boiler OEM, the
master fuel trip will also be activated to safely shut the boiler down. When starting
and stopping ID/FD fans, a specific sequence is required to ensure that the boiler pres-
sure rating is not exceeded. First, an open-air path from suction to discharge of the air
system must be established and verified. Since the FD fan is on the inlet side of the
boiler and regulates the airflow through the boiler, and the ID fan is on the outlet side
of the boiler regulating boiler pressure, the ID fan is started first so that we are able to
maintain boiler pressure control. This is to ensure that the boiler does not experience
a positive pressure transient during startup of the associated FD fans. Once the ID
fan is started, the associated FD fan is started. Dampers are partially closed during
startup to minimize load on the motors and minimize the associated time required
for acceleration to speed. When shutting down an FD and ID fan train, the FD fan is
stopped first, followed by the associated ID fan for the same reasons (ensure we can
maintain boiler pressure with ID fan).

The above discussion presented some of the interlocks from the air side of the
combustion equation. From the fuel side of the combustion equation, there are also
specific responses that NFPA 85 calls out for during certain events. The primary air
(PA) fan provides the transport of the fuel from the pulverizer to the combustion
chamber. If the PA fan trips, the fuel valve or feeder equipment shall also be tripped
that is associated with that PA fan. For a pulverized system, failure of a pulverizer
shall trip the associated PA fan. Loss of coal feed to the burner must trip the associated
feeder, unless the igniters are Class 1 igniters. The reason for the exception for Class
1 igniter is the amount of energy output from the igniter is sufficient to sustain a flame
in the burner area until the coal feed is reestablished. In NFPA 85, igniters are broken
down into the following classes.

¢ Class 1 igniter — An igniter that is applied to ignite the fuel input to a burner and
support ignition under any burner conditions. It will provide sufficient ignition
energy usually in excess of 10% of full-load burner output at its associated
burner to raise any combination of burner fuel—air mixtures above the minimum
ignition temperature.
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¢ Class 2 igniter — An igniter that is applied to ignite the fuel input to a burner and
support ignition only under certain prescribed light-off conditions. It may also
be used to support burner operations during operating conditions. The range of
ignition energy is usually between 4% and 10% of full-load burner output at its
associated burner.

* Class 3 igniter — An igniter that is applied to ignite the fuel input to a burner and
support ignition only under certain prescribed light-off conditions. The range
of ignition energy is usually less than 4% of full-load burner output at its asso-
ciated burner.

Class 3 special igniter — A special Class 3 high energy electrical igniter that is
capable of directly igniting the main fuel burner.

Example 1.12 An igniter for a burner is chosen such that the range of ignition
energy is usually between 4% and 10% of full-load burner output at its associated
burner. What class of igniter is this?

Solution:  This is a Class 2 igniter as defined in NFPA 85.

Once the FD and ID fans are started, the dampers and burner registers are
adjusted to the purge position and airflow is adjusted to the “purge airflow” position
and the unit purge is started. The purpose of the unit purge is to purge the air inside
the boiler sufficiently to ensure that the level of combustibles is reduced to the point
where an explosive environment does not exist and the burners can be safely lit off
by the igniters. Once the purge is complete, the air register or damper on the burner
is adjusted to the “light-off” position, the ignitor valve is opened, and the source of
ignition for the igniter will be energized. If a flame is not established within 10 sec-
onds, the igniter valve is closed and “light off” is not reattempted until the cause for
the failure to ignite is determined and corrected. After a stable igniter flame is estab-
lished in the combustion zone, the air register or damper is adjusted to its “operating”
position.

The above discussion is a very brief overview of one type of boiler/burner sys-
tem from NFPA 85. NFPA 85 is broken into several sections and has much more
detailed information pertaining to the control of each type of equipment. Table 1.16
lists the various sections of NFPA 85 and to which type of boiler they apply.

The reader is encouraged to review in detail the requirements of the standard
for their specific system.

In summary, the primary function of an energy production systems engineer is
to ensure both safety and reliability in the systems and procedures utilized in a gen-
eration facility. Of these two functions, safety is paramount. This includes both safe
installation of equipment and the utilization of safe work practices. The typical elec-
tric utility generation station may contain several areas of concern such as electrical
hazards, combustible atmospheres and materials, confined space requirements, slip,
trips, and falls. As the safety of plant operations is improved, the reliability of the
station will benefit also.
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TABLE 1.16  NFPA 85 Section Descriptions
Section Number Description
8501 Single-burner boiler operations
8502 Multiple-burner boiler furnaces
8503 Pulverized fuel systems
8504 Atmospheric fluidized bed boiler operation
8505 Stoker operation
8506 Heat recovery steam generators

Source: Reproduced with permission from NFPA 85, Boiler and Combustion Systems
Hazards Code, Copyright © 2015, National Fire Protection Association. This is not the
complete and official position of the NFPA on the referenced subject, which is repre-
sented only by the standard in its entirety. The student may download a free copy of
the NFPA 85 standard at: http://www.nfpa.org/codes-and-standards/document-information-
pages?mode=code&code=85.
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¢ Arc Rating — The value attributed to materials that describe their ability to with-
stand to an electrical arc discharge. The arc rating is expressed in cal/cm? and
is derived from the determined value of the arc thermal performance value
(ATPV) or energy of break-open threshold (EBT) (should a material system
exhibit a break-open response below the ATPV value). Arc rating is reported

as either ATPV or EBT, whichever is the lower value.

* Arc Thermal Performance Value (ATPV) — Max incident energy of a PPE sys-

tem prior to break-open.

* Class 1 Igniter — An igniter that is applied to ignite the fuel input to a burner and
support ignition under any burner conditions. It will provide sufficient ignition
energy usually in excess of 10% of full-load burner output at its associated
burner to raise any combination of burner fuel/air mixtures above the minimum

ignition temperature.

¢ Class 2 Igniter — An igniter that is applied to ignite the fuel input to a burner and
support ignition only under certain prescribed light-off conditions. It may also
be used to support burner operations during operating conditions. The range of
ignition energy is usually between 4% and 10% of full-load burner output at its

associated burner.

* Class 3 Igniter — An igniter that is applied to ignite the fuel input to a burner and
support ignition only under certain prescribed light-off conditions. The range
of ignition energy is usually less than 4% of full-load burner output at its asso-

ciated burner.

¢ Class 3 Special Igniter — A special Class 3 high energy electrical igniter that is

capable of directly igniting the main fuel burner.

* Class I location where flammable gases or vapors may be present in air to an

explosive level


http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=85
http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=85
http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=85
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o Division 1 — Exists under normal operations or frequently or faulty equip-
ment operation may cause simultaneous failure of electrical equipment.

o Division 2 — Liquids/gases used, but not normally in explosive concentrations
or concentration prevented by positive mechanical ventilation or is adjacent
to Class I, Division 1.

Class I Liquid — Any liquid that has a flash point below 100°F (37.8°C).

Class IA Liquid — Any liquid that has a flash point below 73°F (22.8°C) and a
boiling point below 100°F (37.8°C).

Class IB Liquid — Any liquid that has a flash point below 73°F (22.8°C) and a
boiling point at or above 100°F (37.8°C).

Class IC Liquid — Any liquid that has a flash point at or above 73°F (22.8°C),
but below 100°F (37.8°C).

Class II location where combustible dust may be present

o Division 1 — Exists under normal operations or faulty equipment operation
may cause simultaneous failure of elect equipment or where combustible
dusts are eclectically conductive.

o Division 2 — Combustible dusts not normally in explosive concentrations or
concentration may prevent cooling of electrical equipment.

Class II Liquid — Any liquid that has a flash point at or above 100°F (37.8°C)
and below 140°F (60°C).

Class IITA Liquid — Any liquid that has a flash point at or above 140°F (60°C)
and below 200°F (93°C).

Class III location where easily ignitable fibers may be present

o Division 1 — where fibers are produced handled, or used.

o Division 2 — areas where stored or handled other than manufacturing process.
Class IIIB Liquid — Any liquid that has a flash point at or above 200°F (93°C)
Exposed Live Part — Not suitably guarded, isolated, or insulated.

Flame-Resistant (FR) — Combustion is prevented, terminated, or inhibited with
or without the removal of the ignition source.

Flash Hazard — Condition caused by the release of energy caused by an electric
arc

Flash Protection Boundary — Distance from live parts where second-degree
burns would result if an arc flash occurred. By definition, this is the distance at
which the incident energy level is at 1.2 cal/cm?.

Group A — Acetylene.

Group B — Flammable gas or vapor that has either an MESG less than or equal
to 0.45 mm or an MIC ratio of 0.40 or less. A typical Class I, Group B material
is hydrogen.

Group C — Flammable gas or vapor that has either an MESG greater than 0.45
mm and less than or equal to 0.75 mm or an MIC ratio greater than 0.40 and
less than 0.80. A typical Class I, Group C material is ethylene.
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* Group D — Flammable gas or vapor that has either an MESG greater than 0.75
mm or an MIC ratio greater than 0.80. A typical Class I, Group D material is
Propane.

* Group E — Atmospheres containing combustible metal dusts. Typical dusts in
this group are aluminum, magnesium, or other metallic alloys.

* Group F — Atmospheres containing combustible carbonaceous dusts that have
more than 8% total trapped volatiles or that have been sensitized by other mate-
rials so that they present an explosion hazard. Typical dusts in this group are
coal, carbon black, charcoal, and coke dusts.

* Group G — Atmospheres containing combustible dusts that do not fall into the
Group E or Group F designation. Typical dusts in this group are flour, grain,
wood, plastic, and other similar chemicals.

¢ Limited Approach Boundary — Distance from live parts where shock hazard
exists.

¢ Restricted Approach Boundary — Distance beyond which only qualified persons
may enter because it requires shock protection equipment or techniques.

* Working Near (Live Parts) — Any activity inside a limited approach boundary.

* Working On (Live Parts) — Coming in contact with live parts with body or
equipment regardless of PPE (inside restricted approach boundary).

PROBLEMS

1.1 What are the four minimum steps to establish an electrically safe work condition?
A.
B.
C.
D.

1.2 What activities below constitute energized electrical work?
A. Taking voltage readings using a contact voltage meter on a panel that has just been
isolated from the source but not yet locked out
B. Racking out circuit breaker from energized bus
C. Removal of MCC buckets from energized bus
D. All the above

1.3 A task has been assigned to remove a breaker bucket from a 480 V three-phase MCC
where there is a bolted fault current of 35 kA and the clearing time is 5 cycles; can you
use the tables in NFPA 70E for determination of the correct arc flash PPE for this task?
If you can, what is the arc flash PPE level for this task?

1.4 A task has been assigned to remove a breaker from a 125 Vdc switchboard panel where
there is a bolted fault current of 2 kA and the clearing time is 5 cycles; can you use the
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tables in NFPA 70E for determination of the correct arc flash PPE for this task? If you
can, what is the arc flash PPE level for this task?

A task has been assigned to verify the phasing of a three-phase, 22 kV circuit where the
bolted fault current is 15.1 kA and the clearing time is 5 cycles. What is the arc flash
PPE level that is required for this task?

Given the following activity, using table 130.4(C) of NFPA 70E what is the limited
approach boundary and the restricted approach boundary in feet and inches? The activ-
ity is racking out a three-phase, 480 V line-to-line, power circuit breaker with doors
open from an energized switchgear bus; therefore, the exposed bus is fixed and not
movable.

Limited approach boundary

Restricted approach boundary

Given the following activity, using table 130.4(D) of NFPA 70E what is the limited
approach boundary and the restricted approach boundary in feet and inches? The activ-
ity is to perform voltage testing of a 250 Vdc panel board circuit breaker with doors
open from an energized switchgear bus; therefore, the exposed bus is fixed and not
movable.

Limited approach boundary

Restricted approach boundary
An area where flammable gases or vapors can exist under normal operating conditions
is an example of

A. Class I, Division 1 location

Class I, Division 2 location

Class II, Division 1 location

Class II, Division 2 location

Class III, Division 1 location

= =P 0w

Class III, Division 2 location

Using Table 1.1 in text for a situation where there is a 480 V MCC assembly across
from a concrete wall on opposite side of switchgear, what is the minimum aisle space
required between the assembly and the concrete wall?

A. 3ft

1
B. 3°ft
C. 4ft

An energized electrical work permit is required to perform energized work. What are
some of the items that should be listed in the energized electrical work permit? (Name
at least 5)
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1.11 The motor controller that drives a coal pulverizer motor for a power generation facility
has been deemed as a location where, under normal operations coal dust will not be
present suspended in air in sufficient quantities to form an explosive concentrations
and due to housekeeping controls, the layer of dust will not be sufficient to prevent
cooling of the motor; however, on the failure of one of the multiple seals in the area,
coal dust can become suspended in the atmosphere in quantities sufficient to form an
explosive concentration should those seals fail. What are the correct class and division
for this hazardous area classification?
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BASIC THERMAL CYCLES

GOALS

¢ To understand the basic Brayton and Rankine thermodynamic process

* To understand fundamental units of specific volume, specific heat, specific
entropy, and specific enthalpy

¢ To understand the difference between latent and sensible heat transfer
¢ To understand the first and second law of thermodynamics

¢ To perform unit conversions of pressure and temperature for thermodynamic
analysis

¢ To build a T-s diagram for a Rankine cycle
* To build a P-v diagram for a Brayton cycle

¢ To utilize ASME steam tables to perform thermodynamic analysis

¢ To calculate the net plant heat rate for a given thermodynamic process

STEAM THERMODYNAMIC ANALYSIS FUNDAMENTALS

A power plant is basically an energy conversion station. The terminology “power
generation” when used to describe the function of a power plant is misleading. Power
is the rate of change of energy or, described in another way, it is the rate at which
energy is transferred. In physics, the law of conservation of energy states that energy
is neither created nor destroyed but only altered in form. Therefore, since energy
cannot be created or “generated,” power cannot be “generated.” Most power plants
are converting some type of energy in the form of chemical energy stored in a fuel,
or thermal energy from sunlight, or potential energy such as hydroelectric plants, or
nuclear energy such as nuclear power plants, or kinetic energy contained in the wind
or tidal motion, into electrical energy. Therefore, what is termed a “power generation
station” is really an “energy conversion station.”

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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Most methods of energy conversion involve the conversion of one form of
energy to thermal energy, and generation stations use water and steam as a media
to transmit this thermal energy from one part of the system to another where it is then
converted to mechanical energy. This mechanical energy is used to drive a generator
which converts the mechanical energy to electrical energy. Since water and steam are
one of the most common methods used for the thermal part of this energy conversion
process, a review of steam fundamentals and basic thermodynamic laws along with
the typical types of equipment used in this process is essential.

Temperature is the measure of the average molecular kinetic energy of a mate-
rial. Energy in thermal form is always transmitted from a higher temperature system
to a lower temperature system. The transfer of thermal energy is known as heat. The
study of this process is called Thermodynamics. There are several units of measure-
ment of temperature. The most commonly encountered in daily life are Fahrenheit
and Celsius (SI). However, for both of these units, there is an offset. Zero in the
Fahrenheit and Celsius scales is not at absolute zero and both of these scales can
have negative values. For engineering calculations, it is more common to use units
of Rankine and Kelvin (SI) as these have a value of zero at absolute zero and there-
fore do not have an offset. Not having an offset allows us to use properties of linear
equations to solve engineering thermodynamics problems using Rankine and Kelvin
scales. Kelvin and Celsius are units in the International System of Units or in the
French vernacular Systeme International d’Unités (SI). Rankine and Fahrenheit are
known as United States customary units. In this chapter, we utilize the American Soci-
ety of Mechanical Engineers (ASME) steam tables which list properties of water and
steam in United States customary units; so the discussion of thermodynamics uti-
lizes United States customary units. The units for Fahrenheit and Celsius are given in
degrees and the symbols are °F and °C respectively. The units for Kelvin are not given
in degrees and the symbol is simply K. Rankine can be expressed either way depend-
ing on the author, but in this text, we will express Rankine in degrees Rankine with the
symbol °R.

To convert from the Fahrenheit scale to the Rankine scale, use the following
formula.

where

Tr = temperature measurement (Rankine)

Ty = temperature measurement (Fahrenheit)
To convert from the Celsius to the Kelvin scale, use the following formula.
Tx = Tc +273 (2.2)
where

Tk = temperature measurement (Kelvin)

T = temperature measurement (Celsius)
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To convert from the Fahrenheit scale to the Celsius scale, use the following
formula.

T =(9/5) X T +32 2.3)
where

T = temperature measurement (Celsius)

Ty = temperature measurement (Fahrenheit)

To convert from the Celsius scale to the Fahrenheit scale, use the following
formula.

Tc =(5/9) x (Tg — 32) 24
where

T = temperature measurement (Celsius)

Ty = temperature measurement (Fahrenheit)

To convert from the Kelvin scale to the Rankine scale, use the following formula

Tr = (9/5) x Tx (2.5
where

Tk = temperature measurement (Kelvin)

TR = temperature measurement (Rankine)

To convert from the Rankine scale to the Kelvin scale, use the following
formula.

Tx = (5/9) x Tx (2.6)
where

Tx = temperature measurement (Kelvin)

Ty = temperature measurement (Rankine)

Example 2.1 What is the Rankine equivalent of 80°C?

Solution:
Tp=0O5)XTc +32
T = (9/5) (80) + 32
Tg = (9/5) (80) + 32

Ty = 176°F
TR = TF + 460
Ty = 176 + 460

Tg = 636°R
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Example 2.2 What is the Kelvin equivalent of 80°F?

Solution:

Te = (519) x (T — 32)
Te = (5/9) (80 — 32)

Te =26.7°C

Tq = Te + 273
T = 26.7 + 273
Tq =299.7K

Just like temperature, pressure which is a measure of force per unit area, has
various units of measure and not all start at absolute zero. Unit values such as %
vacuum, torr, micron, pounds per square inch (psi) (absolute or gauge), inches of
mercury (absolute or gauge), and pascal may be used. The SI unit for pressure is
pascal (Pa) or micron (1 million microns are equal to 1 pascal). One pascal is equal
to one newton of force applied to one square meter of surface area. Units such as
torr, micron, psia, inches of mercury absolute, and pascal all have their zero point
at absolute vacuum. Units such as psig, % vacuum, and inches of mercury gauge all
have their zero point at standard atmospheric pressure (14.7 psia at sea level). The
units of PSI are units of pound force over the surface area that the force is distributed
over. A torr is equal to the displacement of a millimeter of mercury (mm Hg) in a
manometer. One inch of mercury (Hg) is defined as the pressure exerted by a circular
column of mercury of 1 inch in height at 32°F (0°C). Percent vacuum is defined as a
measurement in percentage of atmospheric pressure where 100% vacuum is absolute
zero pressure and 0% vacuum is the standard value of atmospheric pressure under
standard temperature and pressure conditions. The bar is a measurement of pressure
where zero bar is at 100% vacuum and 1 bar is the standard value of atmospheric
pressure under standard temperature and pressure conditions.

In the study of thermodynamics, we select a unit of measurement that has a zero
value at absolute zero pressure or 100% vacuum to remove the difficulty of dealing
with an offset in our calculations just as we do for units of temperature. For the SI
system, the most commonly used units that are zero at absolute zero pressure are pas-
cal for pressures above atmospheric and microns for pressures below atmospheric.
The most commonly used United States customary units for pressure that has a zero
value at absolute zero pressure are pounds force per square inch absolute (psia) for
pressures above atmospheric or in some cases % vacuum for pressures below atmo-
spheric. Units of pounds force should not be confused with pounds mass. Pounds
force is a measurement of force whereas pounds mass is a measurement of the mass
of material where the mass is measured by the gravitational force that the earth exerts
on the mass at sea level. All thermodynamic calculations performed in United States
customary units are performed using pounds force (psi).

In this chapter, we utilize the ASME steam tables which list properties of water
and steam in United States customary units, so the discussion of thermodynamics in
this chapter utilizes the United States customary units of psia.
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To convert from vacuum (%) to torr (mm Hg), use the following formula.
P (torr) = (=760/100) X P (vacuum) + 760 2.7
To convert from vacuum (%) to micron, use the following formula.
P (micron) = (—760,000/100) X P (vacuum) + 760,000 (2.8)
To convert from vacuum (%) to psia, use the following formula.
P (psia) = (—14.7/100) X P (vacuum) + 14.7 2.9)

To convert from vacuum (%) to inches mercury absolute, use the following
formula.

P (inches mercury absolute) = (—29.92/100) X P (vacuum) + 29.92 (2.10)

To convert from vacuum (%) to inches mercury gauge, use the following
formula.

P (inches mercury gauge) = (29.92/100) X P (vacuum) 2.11)
To convert from vacuum (%) to kilopascal, use the following formula.
P (kPa) = (—101.4/100) X P (vacuum) + 101.4 (2.12)

Table 2.1 summarizes these conversions and provides a cross-reference
between various systems for pressures between absolute vacuum and atmospheric

TABLE 2.1 Pressure Conversion Chart

Inches Inches
% torr psia, Mercury Mercury kPa
Vacuum (mm Hg) Micron (Ib/in.2) Absolute Gauge (absolute)
0 760 760,000 14.7 29.92 0 1014
1.3 750 750,000 14.5 29.5 0.42 99.9
1.9 735.6 735,600 14.2 28.9 1.02 97.7
7.9 700 700,000 13.5 27.6 2.32 93.5
21 600 600,000 11.6 23.6 6.32 79.9
34 500 500,000 9.7 19.7 10.22 66.7
47 400 400,000 7.7 15.7 14.22 53.2
50 380 380,000 7.3 15 14.92 50.8
61 300 300,000 5.8 11.8 18.12 40
74 200 200,000 3.9 7.85 22.07 26.6
87 100 100,000 1.93 3.94 25.98 13.3
89.5 30 80,000 1.55 3.15 26.77 10.7
93 51.7 51,700 1 2.03 27.89 6.9
96.1 30 30,000 0.58 1.18 28.74 4
97.4 20 20,000 0.39 0.785 29.14 2.7
98.7 10 10,000 0.193 0.394 29.53 1.3
99 7.6 7,600 0.147 0.299 29.62 1

100 0 0 0 0 29.92 0
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pressure. Just as in temperature, not having an offset in our pressure measurements
allows us to use properties of linear equations to solve engineering thermodynamics
problems and the units of psia are utilized for thermodynamic analysis.

For example, from Table 2.1, a pressure of 1 psia equates to a pressure of
2.03 inches of mercury absolute or 93% vacuum.

Another physical property of a material is density. Density is a measure of the
mass of a material that is in a specific volume of the material. The unit for density is
pound mass per unit volume (Ibm/ft>). Density is a function of the properties of the
material as well as the pressure and temperature of the material.

Specific volume is the reciprocal of density and is a measure of the volume that
a material takes up for a specific amount of mass of the material. The units for spe-
cific volume are volume per unit pound mass (ft>/Ibm). Specific volume and density
are reciprocals of each other. Just like density, specific volume is a function of the
properties of the material as well as the pressure and temperature of the material.

Specific heat is a measure of the amount of thermal energy that is transferred
in the form of heat (measured by the change in temperature) per unit mass.

In an electric utility generation station, the goal is to convert energy from one
form to another, until we achieve the final energy conversion to electrical energy.
When energy is stored in the form thermal energy, materials such as water, oil, and
salt solutions are used as a transfer media to transfer this thermal energy from one
system to another. By far, water is the most common media utilized for this energy
transfer. Thermal energy transfer occurs in steam in two distinctly different heat trans-
fer processes. Sensible heat transfer is a process when energy is transferred and the
transfer of energy results in a change in the temperature of the material, but the state
of the material (i.e., solid, liquid, or gas) remains the same. An example of sensible
heat transfer is placing a pot of water that is at room temperature on a stove, placing a
thermometer in the water and turning the burner on. Initially, the water remains in the
liquid phase and, as energy is added to the water from the burner, the temperature of
the water increases as indicated on the thermometer. Latent heat transfer is a process
when energy is transferred and the transfer of energy results in a change in the state
of the material (i.e., change from liquid to gas), but the temperature remains constant.
An example of latent heat transfer is seen in the same pot of water, which is now at
the boiling temperature of water for the value of atmospheric pressure. As energy is
added to the pot of water, the temperature of the water as indicated on the thermome-
ter does not change, but now the water changes from a liquid state to a vapor state.
This occurs at the boundary where the water is receiving the energy from the burner
(at the bottom of the pot) and the water in vapor form rises in bubbles.

In regard to the path for thermal energy transfer, there are three methods that
energy can be transferred: conduction, convection, and radiation. Conduction is the
transfer of energy through matter from particle to particle. It is the transfer and dis-
tribution of heat energy from atom to atom within a substance. Conduction is most
effective in solids, but it can happen in fluids. Convection is the transfer of heat by the
actual movement of the warmed matter. Convection is the transfer of heat energy in
a gas or liquid by movement of currents of the transfer media. Radiation is a process
where electromagnetic waves directly transport energy through space (no media is
needed for heat transfer).
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Now that we have some of the fundamental terms of the study of thermodynam-
ics identified, we can start discussing the thermal energy transfer process in the steam
cycle and the associated units for this process. The measure of the amount of useful
thermal energy in a material is known as Enthalpy (h). It is a measure of the thermal
energy per unit mass and its units are BTU/Ibm (kJ/kg). A BTU is the amount of
heat required to increase the temperature of 16 ounces of water by 1°F. This includes
both flow energy (kinetic energy) and internal energy (potential energy) as shown by
equation (2.13).

h=W+pxv) (2.13)
where

h = enthalpy

u = internal energy

p = pressure of the system

v = volume of the system

The value of enthalpy is determined by the physical properties of the mate-
rial (i.e., pressure, temperature, etc.). In practice, we do not use equation (2.13) to
calculate the value of enthalpy, but values for different transfer medias are given in
empirically derived tables or databases. The ASME publishes steam tables that can
be used to determine the enthalpy of steam for a given set of physical conditions. To
determine the total amount of useful energy (enthalpy) in a given amount of mate-

rial, you multiply the value of the enthalpy by the mass of the material as shown in
equation (2.14).

E=hXm (2.14)
where
E = energy (BTU)
h = enthalpy (BTU/lbm)
m = mass (Ibm)

In the power generation industry, we are more concerned with the power flow
than the energy stored. Power is the rate of energy transfer. To determine the rate of
energy transfer (power) through a material, you multiply the value of the enthalpy by
the mass flow rate of the material as shown in equation (2.15).

E/t=P=hXF (2.15)
where
E = energy (BTU)
t = time (hr)
P = power (BTU/hr)
h = enthalpy (BTU/lbm)
F = mass flow rate (Ibm/hr)
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Example 2.3 If we have 100 Ibm of water and its enthalpy value is 68 BTU/Ibm,
determine the total amount of energy in the material.

Solution:  Using equation (2.14),
E=hxm
E =68 BTU/Ibm x 100 1bm = 6800 BTU

In the study of thermodynamics for power plant efficiency and operation,
enthalpy (%) is the property used as this is a measure of the amount of useful energy.
These calculations are known as heat rate calculations. The fact that we define a term
for useful energy implies there is also energy in a material that is not useful (i.e., can-
not be utilized in the energy conversion process of the plant). This is known as entropy
(s). Entropy is a measure of the amount of energy in a material that is not available for
work. The classic definition of work is the energy transferred by force acting through
a distance. Therefore, entropy (s) is a measure of the amount of energy in a material
that is not available to be transferred (i.e., does no work). The units for entropy are
(BTU/(Ibm X °R)).

The enthalpy values for water for various pressures and temperatures are well
known and there are several types of charts and software that allow the user to deter-
mine the materials’ enthalpy for certain physical properties. For our use, we will use
the T-s diagram (a plot of temperature (7) versus entropy (s)). The vertical axis is
temperature (in Rankine so that zero on the plot is absolute zero in temperature).
The horizontal axis is the value of entropy (s). Figure 2.1 shows the 7T-s diagram for
water. There are three distinct phase regions shown in this diagram. The area to the
left of the saturated steam region is known as the liquid region or subcooled water
region. In this region, water is in the liquid phase. The area to the right of the saturated

Critical / !
point | Po

g Liquid region / /]

= /

S (water) J - Vapor region

o3 Liquid—vapor (steam)

§ / region / P1

(water—steam)
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Figure 2.1 T-s diagram for water. Source: Reproduced with permission of U.S. Department
of Energy.
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steam region is known as the vapor region or superheated steam region. In this region,
water is entirely in the vapor phase. The area between the subcooled water region and
the superheated steam region is known as the liquid-vapor region or saturated steam
region. In this region, water is partially in the form of water and partially in the form
of steam.

Referencing Figure 2.1, we can see some interesting properties. The lines Py,
P,, and Pj; are lines of constant pressure. Looking at pressure P,, at very low temper-
ature, the material is in the subcooled or water region. Any addition of energy will
raise the value of enthalpy of the material (measure of energy per unit mass) and the
temperature of the material. This process where the addition of energy causes the
temperature of the substance to increase but the phase remains constant is known as
sensible heat transfer. The addition of energy will raise temperature of the material
until the “saturation” temperature is reached. This is the temperature at point A in
Figure 2.1. At this point, the material is still 100% liquid. This is also known as 0%
steam quality as the percentage of the mass of water and steam mixture that is in
the form of steam is 0%. Any additional energy transfer into the water at this point
will cause us to move from point A toward point B. Notice that this additional heat
energy transfer into the media does not result in a higher temperature of the material,
but does move us into the liquid/vapor region where a combination of water and steam
exist. As more energy is transferred into the system, more of the water is converted
to steam. This is known as latent heat transfer. When enough energy has been added
to the system, the material reaches a point where all of the material is in the form
of steam. This is point C on Figure 2.1. This is known as 100% steam quality as the
percentage of the mass of water and steam that is in the form of steam is 100%.

As we will see later when we look at specific values of enthalpy, the amount of
heat added to get the material from point A to point C is substantial. Since our goal
is to transfer heat, most thermal processes concentrate their heat transfer using latent
heat transfer to maximize the amount of energy transferred.

At point C, all of the water is converted to steam. This is also known as satu-
rated steam since any removal of energy from the steam will not cause a reduction in
temperature but will cause some of the steam to condense into water; the magnitude
of how much would depend on the mass of steam and the amount of energy removed
from the system. From point C, any additional energy transferred into the system will
result in an increase in temperature but the phase of the material remains steam. This
is known as sensible heat transfer. This will move us to the right of the saturated steam
line to the superheated steam region.

In summary, in the subcooled region and the superheat region, the type of heat
transfer that occurs is sensible heat transfer where the phase of the media remains
constant, and the temperature changes. In the saturated steam region, the type of heat
transfer that occurs is latent heat transfer where the temperature of the media remains
constant, and the phase of the media changes.

At very low temperatures, the material enters the solid region. In normal power
plant processes, we wish to use convection (i.e., material flow) as part of our heat
transfer process. Therefore, having the material in solid form is not very useful and
we will not spend any time on the properties of the material in a solid phase. Also,
take note that at pressure P,, the transfer from liquid to gas is at the same value
of enthalpy. Due to material limitations, most power plant thermal processes do not
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operate at these high pressures. Therefore, we will not discuss material behavior at
or above point P, but realize that behavior above this pressure does not contain the
saturated region.

While the T-s diagram is a useful tool to understand how the physical properties
of water are affected by the addition and/or removal of energy from the media, engi-
neering calculations utilize tables or software databases for determination of steam
properties. The ASME publishes steam tables that provide various properties of water
and steam based on the physical condition of the material. Below is a discussion on
how to use the steam tables to perform some of these basic calculations. Please ref-
erence ASME steam tables for the saturated steam—temperature table, the saturated
steam—pressure table, and the superheated steam table. Next, we will describe how to
utilize the steam tables to perform basic thermodynamics calculations.

Table 1 from the ASME steam tables is a listing of various properties of satu-
rated steam at various temperatures. Remember from the 7-s diagram in Figure 2.1
that, for saturated steam, the temperature remains constant from the area where all the
steam is condensed to water (0% quality steam) to the area where all the steam is in
gaseous form (100% quality steam). In this table, the subscript “I” denotes the prop-
erty at a condition of 0% quality steam (or 100% liquid) and the subscript “v” denotes
the property at a condition of 100% quality steam (or 100% vapor). The following is
a description of the various properties listed in Table 2.2.

* Temp = temperature of the saturated steam in °F
* Pressure = absolute pressure of the saturated steam in psia
e v, = specific volume (ft*/Ibm) when the steam is at 0% quality

e v, = specific volume (ft/lbm) when the steam is at 100% quality
Table 2.3 is a continuation of the same row of information from Table 2.2.

The following is a continuation of the description of the various properties listed in
Table 2.3.

TABLE 2.2 Saturated Steam: Temperature Table, Part 1

Temp. Pressure Volume (ft3/lbm)

(°F) (psia) vy Vy

32 0.08865 0.016022 3302.0
35 0.09998 0.016020 2945.5
40 0.12173 0.016020 2443 .4
45 0.14757 0.016021 2035.6
50 0.17813 0.016024 1702.9
55 0.21414 0.016029 1430.3
60 0.25639 0.016035 1206.1
65 0.30579 0.016043 1020.8
70 0.36334 0.016052 867.19
75 0.43015 0.016062 739.30

Source: Reproduced with permission of American Society of Mechanical Engineers (ASME)
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TABLE 2.3 Saturated Steam: Temperature Table, Part 2

Enthalpy, BTU/Ib, Entropy, BTU/(Ib,,,-°R) Temp.
hy h, 8 sy °F
—-0.018 1075.2 0.0000 2.1868 32
3.004 1076.5 0.0061 2.1762 35
8.032 1078.7 0.0162 2.1590 40
13.052 1080.9 0.0262 2.1421 45
18.066 1083.1 0.0361 2.1257 50
23.074 1085.3 0.0459 2.1097 55
28.079 1087.4 0.0555 2.0941 60
33.080 1089.6 0.0651 2.0788 65
38.078 1091.8 0.0746 2.0640 70
43.074 1094.0 0.0840 2.0495 75

Source: Reproduced with permission of American Society of Mechanical Engineers (ASME).

hy = enthalpy (BTU/Ibm) when the steam is at 0% quality

¢ h, = enthalpy (BTU/Ibm) when the steam is at 100% quality

¢ 5 = entropy (BTU/(Ibm X °R)) when the steam is at 0% quality

¢ 5, = entropy (BTU/(Ibm X °R)) when the steam is at 100% quality

As we mentioned earlier, latent heat transfer is a process when energy is trans-

ferred and this results in a change in the state of the material and temperature remains
constant. Now that we know the state of a material when it is at a steam quality of
0% and 100%, we can find the change in the state of the material as it evaporates
(changes steam quality from 0% to 100%) or as it condenses (changes steam quality

from 100% to 0%). This is defined in equations (2.16), (2.17), and (2.18) for specific
volume, enthalpy, and entropy.

vy =y =) (2.16)
where

v}, = change in specific volume (ft*/Ibm) from 0% to 100% steam quality
v, = specific volume (ft’/Ibm) when the steam is at 0% quality

v, = specific volume (ft>/lbm) when the steam is at 100% quality
hyy = (hy = hy) (2.17)

where

hy, = change in enthalpy (BTU/Ibm) from 0% to 100% steam quality
hy = enthalpy (BTU/Ibm) when the steam is at 0% quality
h, = enthalpy (BTU/Ibm) when the steam is at 100% quality

Sy = (sy =5 (2.18)
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where

51, = change in entropy (BTU/(Ibm X °R)) from 0% to 100% steam quality
51 = entropy (BTU/(Ibm X °R)) when the steam is at 0% quality
s, = entropy (BTU/(Ibm X °R)) when the steam is at 100% quality

While specific volume does not affect efficiency calculations, it is interesting
to note that, as the energy of (or enthalpy of) a saturated liquid/steam mixture is
increased, more of the liquid is converted to steam and the specific volume increases
substantially. In other words, as energy is added to a system, the density is reduced.
This is an important driving force for natural circulation which we will address later
in the topic of boilers and nuclear reactors. Change in specific volume is also the
driving force that causes boiler drum swell and shrink during load transients as will
be discussed later in this text book.

In energy production systems engineering, we are most interested in the transfer
of useful energy. Therefore, we are not commonly concerned with specific volume
or entropy but are most interested in the values of enthalpy (useful energy per unit
mass) at various conditions. Therefore, most of our work with the steam tables will
involve determining the enthalpy of the steam and water media at various pressures,
temperatures, and states.

The values in table 1 of the ASME steam tables directly give us the enthalpy
(energy per unit mass) of saturated steam at 0% quality (#;) and at 100% quality
(h,). However, what if we wanted to know the value of enthalpy of the saturated
steam when it is somewhere between 0% and 100% steam quality? Equation (2.19)
describes how to calculate the value for enthalpy of the saturated steam when it is
somewhere between 0% and 100% steam quality.

h=h + hy, X (%SQ/100%) (2.19)
where
h = enthalpy of material at existing state (BTU/Ibm)
h; = enthalpy (BTU/Ibm) when the steam is at 0% quality
hy, = change in enthalpy (BTU/Ibm) from 0% to 100% steam quality
%SQ = steam quality of the material (%)

Example 2.4 If we have saturated steam water mixture that is at 50% quality and
at a temperature of 45°F, what is the enthalpy of the steam at a steam quality of 50%?

Solution:  We need to find the values of enthalpy of the steam at 0% quality (h;)
and the value of the change in enthalpy of the steam as it changed from 0% quality
to 100% quality (/). From Table 2.3, the value for saturated steam at 45°F and
0% quality is 13.052 BTU/Ibm and the value for saturated steam at 45°F and 100%
quality is 1080.9 BTU/Ibm. Next, we need to define the change in enthalpy from 0%
quality steam to 100% quality steam. This is achieved using equation (2.17).

hlv = (hv - hl)
hy, = (1080.9 — 13.052) BTU/Ibm
hy, = 1067.848 BTU/Ibm
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TABLE 2.4 Saturated Steam: Temperature Table, Part 3

Temp. Pressure Enthalpy (BTU/Ib,,)

(°F) (psia) h h,

205 12.782 173.13 1147.6
210 14.136 178.17 1149.5
215 15.606 183.20 1151.4
220 17.201 188.25 1153.3
225 18.928 193.30 1155.1
230 20.795 198.35 1157.0
235 22.811 203.41 1158.8
240 24.985 208.47 1160.5
245 27.326 213.54 1162.3
250 29.843 218.62 1164.0

Source: Reproduced with permission of American Society of Mechanical Engineers (ASME).

Now we can use equation (2.19) to define the enthalpy of the steam water mix-

ture at a 50% steam quality.

h=hy + hy, X (%SQ/100%)
h = 13.052 + 1080.9 x (50% / 100%) BTU/Ibm
h = 546.976 BTU/Ibm

Example 2.5 If we have saturated water (implies 0% quality) at a temperature of
210°F), determine the following.

A.

= o Ow

What is the enthalpy for a sample with 0% steam quality?

. What is enthalpy for sample with 100% steam quality?
. What is the change in enthalpy as the sample changes from 0% to 100% SQ?
. What is enthalpy for sample with 50% steam quality?

. What is pressure for above?

Solution:

. From Table 2.4, i = 178.17 (BTU/Ibm)
. From Table 2.3, h, = 1149.5 (BTU/Ibm)
. Using equation (2.17),

hlv = (hv - hl)
hy, =(1149.5 - 178.170) BTU/Ibm
hy, =971.33 BTU/Ibm

. Using equation (2.19),

h=hy + hy, X (%SQ/100%)
h=178.17 + 971.33 X (50% / 100%) BTU/Ibm
h = 663.835 BTU/Ibm

. From Table 2.3, pressure = 14.136 psia
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TABLE 2.5 Saturated Steam: Pressure Table
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Pressure Temp. Enthalpy (BTU/lb,,,)

(psia) CF) hy h,

0.1 35.00 3.009 1076.5
0.2 53.13 21.204 1084.4
0.3 64.45 32.532 1089.4
0.5 79.55 47.618 1095.9
0.7 90.05 58.100 1100.4
1.0 101.69 69.728 1105.4
1.5 115.64 83.650 11114
2.0 126.03 94.019 1115.8
3.0 141.42 109.39 11222
4.0 15291 120.89 1126.9
6 170.00 137.99 1133.9
8 182.81 150.83 1139.0
10 193.16 161.22 1143.1
12 201.91 170.02 1146.4
14 209.52 177.68 11494

Source: Reproduced with permission of American Society of Mechanical Engineers (ASME).

Table 2.5 is a sample of this data.

Example 2.6

The steam tables also provide the same data but referenced to a given pressure
instead of a given temperature. This is shown in table 2 of the ASME steam tables.

psia), determine the following.

A.

B

C

D

E. What is temperature for above?
Solution:

A. From Table 2.4, iy = 177.678 (BTU/Ibm)

B
C

What is the enthalpy for a sample with 0% steam quality?

. What is enthalpy for sample with 100% steam quality?

If we have saturated water (implies 0% quality at a pressure of 14

. What is the change in enthalpy as the sample changes from 0% to 100% SQ?

. What is enthalpy for sample with 50% steam quality?

. From Table 2.3, h, = 1149.4 (BTU/Ibm)

. Using equation (2.17),
hlv = (hv - hl)

hy, = (1149.4 — 177.678) BTU/Ibm
hy, = 971.722 BTU/Ibm

. Using equation (2.19),

h=hy + hy, X (%SQ/100%)

h=177.678 + 971.722 x (50% / 100%) BTU/Ibm

h = 663.539 BTU/Ibm
. From Table 2.3, temperature = 209.52°F
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TABLE 2.6 Superheated Steam, Part 1

Pressure, psia Temperature, °F

(Sat. T) 200 250 300 350 400

1 % 392.53 422.42 452.28 482.11 511.93

(101.69) h 1150.1 1172.8 1195.7 1218.6 1241.8
s 2.0510 2.0842 2.1152 2.1445 2.1723

Source: Reproduced with permission of American Society of Mechanical Engineers (ASME).

ASME Tables 1 and 2 provide data for the saturated region of the T-s diagram,
but how about the subcooled region and the super heater region? The ASME tables
do not address the subcooled area. There are various database programs available to
calculate these values. The ASME tables cover the superheated region in table 3 of
the steam tables. In Table 2.6, we show a small sample of data from table 3 of the
ASME steam tables.

To utilize the superheated steam tables, both the pressure and temperature of
the superheated steam must be known. Given a certain pressure and temperature, the
values of specific volume (v), entropy (s), and enthalpy (%) are provided by the tables.
Superheat is defined as the difference between the measured temperature of steam at
a given pressure and the saturation temperature of the steam at the same pressure.

Example 2.7 If we measure steam pressure and temperature and find that we have
superheated steam at a temperature of 400°F at atmospheric pressure (15 psia), deter-
mine the following.

A. What is the enthalpy?

B. What is the amount of “superheat?”

Solution:

A. From Table 2.7, enthalpy (k) is 1239.9 (BTU/Ibm)

B. Superheat is the difference between the measured temperature of steam at a
given pressure and the saturation temperature of the steam at the same pressure.
The measured temperature is given in the problem as 400°F. On the left of the
ASME table 3 (shown in Table 2.7) under the pressure of 15 psia, we see the

TABLE 2.7 Superheated Steam, Part 2

Pressure, psia Temperature, °F

(Sat. T) 200 250 300 350 400

15 \% 27.846 29.906 31.943 33.966

(212.99) h 1168.7 1192.7 1216.3 1239.9
S 1.7811 1.8137 1.8438 1.8721

Source: Reproduced with permission of American Society of Mechanical Engineers (ASME).
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saturation temperature is 212.99°F. The amount of superheat is the difference
between these two values, or

SH = 400°F - 212.99°F
SH = 187.1°F

Example 2.8 If we measure the temperature of superheated steam and find it is
350°F at atmospheric pressure (15 psia), determine the amount of energy required to
raise 2 Ibm of steam from 350°F to 400°F?

Solution:  Using equation (2.14),
E=hxm

From Table 2.7, the value of enthalpy at 400°F and the value of enthalpy at
350°F can be found.

E =(1239.9 - 1216.3) (BTU/Ibm) X 2(Ibm)
E=472BTU

The reader may be wondering at this point why we are spending so much time
understanding how to calculate enthalpy. Enthalpy is the basis for thermodynamic
energy transfer calculations and, ultimately, for calculations of thermal cycle effi-
ciency as the next example will show.

Example 2.9 If we have superheated steam at a temperature of 400°F and at atmo-
spheric pressure (14.7 psia) that is flowing into a turbine at a rate of 100,000 Ibm/hr,
determine the ideal rate of energy delivery (power) into the turbine.

Solution:  From Table 2.7, the value of enthalpy at 400°F can be found.
h =1239.9 BTU/Ibm
Using equation (2.15),

Et=P=hXF
P = (1239.9 BTU/Ibm) x (100,000 (Ibm/hr))
P =123.99 MBTU/hr

where | MBTU = 1 million BTU. In some literature, 1 million BTU is also expressed
as MMBTU. This is derived from the Roman numeral system where the letter M
represents one thousand. Using this notation, | MMBTU is 1000 x 1000 x 1 BTU or
1 million BTU.

In power plant operations, we are commonly more interested in the amount of
power flow into and out of systems than the amount of energy in a mass of steam.
We can calculate the power flow by multiplying the enthalpy of the material by the
mass flow rate of the material into or out of a system as shown in equation (2.15).
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Knowing the power into a system and the power out of a system allows us to calculate
the efficiency of the system using the following formula.

Eff = P, /P;, X 100%, (2.20)
where

Eff = efficiency (%)
P, = power out of a system (BTU/hr)
P,, = power into a system (BTU/hr)

This is why enthalpy is such an important part of energy production engineering
as it allows us to determine the efficiency of the energy transfer process at various
points in the thermodynamic system. This includes both steam-based systems such
as boilers and heat exchanges as well as combustion systems where the combustion
process adds to the enthalpy of the air which is the media for transportation of thermal
energy in combustion processes. The T-s diagram of an air system appears different
from the T-s diagram of the steam system, but the same calculations using enthalpy
and mass flow rate apply to the determination of power flow and efficiencies.

Example 2.10 For the system described in Example 2.9, if the turbine exhaust steam
is at 1 psia, saturated steam conditions, and a steam quality of 90%, what is net power
delivered to the turbine by the steam? (Net power of the turbine is power into the
turbine from the boiler less the power removed from the turbine by the condensate
system.)

Solution:  From Example 2.9, enthalpy into turbine was (1239.9) (BTU/Ibm)
From Table 2.6, the value of the enthalpy of 0% steam quality at 1 psia is found to
be 69.728 BTU/Ibm and the change in the enthalpy of steam at 1 psia as it changes
phase from 0% steam quality to 100% steam quality is (1105.4 BTU/Ibm — 69.728
BTU/Ibm) or 1035.672 BTU/lbm.

Using equation (2.19), we can find the value of saturated steam at 1 psia and
90% steam quality as,

h=h + by, X (%SQ/100%)

h (90%) = 69.728 BTU/Ibm + 1035.672 BTU/lbm X (90/100)

h (90%) = 69.73 BTU/Ibm + 932.1048 BTU/lbm

h (90%) = 1001.833 (BTU/Ibm) = enthalpy out of turbine

Net enthalpy drop is 1239.9 BTU/Ibm — 1001.833 BTU/Ibm

= 238.0672 BTU/Ibm.

Given the mass flow is 100,000 Ibm/hr from Example 2.9, net power delivered
to turbine can be calculated using equation (2.15)

Elt=P=hXF

P, = 238.0672 BTU/Ibm X 100,000 lbm/hr

Py, =23.8 MBTU/hr
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So from Example 2.9, power into the turbine is 123.99 MBTU/hr and the
mechanical power out of the shaft of the turbine is 23.8 MBTU/hr as found in Exam-
ple 2.10. We can calculate the efficiency of this system using equation (2.20),

Eff = P /P;, X 100%
Eff = (23.8 MBTU/hr /123.99 MBTU/hr) x 100%
Eff = 19.2% efficient

A power plant that operates at an efficiency of 19% would not stay in business
very long. To increase efficiency of the system, we raise the temperature and pressure
of the steam entering the steam turbine. This has the effect of raising the enthalpy of
the steam entering the turbine which increases the value of P, for a certain mass
flow rate. We also draw a vacuum in the condenser and condense the steam at a lower
pressure (and therefore temperature). This has the effect of lowering the enthalpy of
the steam leaving the turbine which decreases the value of the power entering the
condenser for a certain mass flow rate. By raising the value of Pin and lowering the
value of Pout, this has the effect of increasing efficiency of the turbine. This is why we
operate boilers at very high pressures and we operate condensers at very low vacuum.

PRESSURE, TEMPERATURE, AND VOLUME
RELATIONSHIPS

The ideal gas law or general gas equation states that the pressure and volume product
is proportional to the temperature of the ideal gas. While steam, being compressible,
is not an ideal gas, the proportionality is still a good approximation for the physical
response for steam in a vessel. Under this assumption, the reaction of steam to changes
in pressure, temperature, and volume can be described the following equation.

PV = nRT or PV /T = constant (2.21)
Therefore
PIXVI/T1:P2XV2/T2 (222)

The result of the above proportionality is that with a constant volume, with an
increase in steam temperature, steam pressure will rise. Also, if temperature is held
constant, an increase in steam pressure will decrease steam volume. This relationship
is known as Boyle’s law. If pressure is held constant, an increasing steam temperature
will cause an increase in steam volume. This relationship is known as Charles’ law.

With the discussion behind us of enthalpy and associated calculations of energy
flow and component efficiencies, we can now address the topic of system efficiencies.

First, when looking at the overall system, it is helpful to remember two funda-
mental laws of thermodynamics.

First law of thermodynamics — Energy is neither created nor destroyed. Energy
is only altered in form.



PRESSURE, TEMPERATURE, AND VOLUME RELATIONSHIPS 61

3
E3 = (h3xf3) x t

1 2
E1=(hyxfy)xt E2 = (hy xf,) x t
— —— ——

Heat
exchanger
4

E4 = (hy x fy) xt

Figure 2.2 Basic flow diagram for equipment thermodynamic performance evaluation.

Second law of thermodynamics — In an ideal, reversible process, the entropy of
the system will remain the same. This is known as an isentropic process. In a non-
ideal, non-reversible process, the entropy of the system always increases. Looking
at the units of entropy (BTU/(Ibm X °R)), we can see that the non-isentropic case
represents non-usable energy or BTU. All thermodynamic processes are irreversible
or non-isentropic, but in some cases, the isentropic model simplifies thermodynamic
evaluation.

From the first law of thermodynamics, since energy is neither created nor
destroyed, all systems can be evaluated using the conservation of energy and con-
servation of mass principal. A block diagram for a very basic thermodynamic cycle
is shown in Figure 2.2.

Assuming that the flow of mass from input 1 is discharged from the equipment
at output 2 and assuming that the flow of mass from input 3 is discharged from the
equipment at output 4, we calculate the power (rate of change of energy with unit
time) into and out of the system by the product of enthalpy (%) (units of energy per
unit mass) and flow (f) (units of mass per unit time) over a given unit of time. If there
is not an exchange of energy from the system at points 1 and 2 to the system at points
3 and 4, and assuming the system is at steady state, that is, that energy in = energy
out for each system, the enthalpy at point 1 would equal the enthalpy at point 2 and
the enthalpy at point 3 would equal the enthalpy at point 4.

Of course, this is not the normal operation of a device such as a heat exchanger
as its function is to transfer energy from one system to another. In a heat exchanger,
some of the energy from one system is transferred to the other system. For the above
example, let’s assume that energy is transferred from the 3 and 4 ports to the 1 and 2
ports. In this instance, since mass flow at point 1 is the same as point 2, the enthalpy
of the system at point 1 would be less than the enthalpy of the system at point 2.
Similarly, since mass flow at point 3 is the same as point 4, the enthalpy of the system
at point 3 would be greater than the enthalpy of the system at point 4. If this system
is in equilibrium, then the energy into the system from ports 1 and 3 is equal to the
energy leaving the system at ports 2 and 4.

From a system standpoint, we can look at the basic thermodynamic cycle shown
in Figure 2.3 and see the four basic processes of the system.
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Figure 2.3  Basic thermodynamic cycle.

In the evaporation process (the boiler or steam generator), thermal energy is
added to the boiler water and the water is evaporated to generate steam. In the expan-
sion process (turbine), the heated steam is expanded across turbine blades releasing
energy to the turbine converting the thermal energy to mechanical energy. The con-
densation process (condenser) occurs where the exhaust from the turbine section is
condensed into liquid form by removal of additional thermal energy from the steam.
The compression process (pump) is where mechanical energy is added to the water to
increase the pressure of the water. Since mass flow is unchanged at any of the points
in the basic thermodynamic cycle, this tells us that as we move from point 1 to point
2 across the evaporation section and add energy to the system, enthalpy increases.
As we move from point 2 to point 3 across the expansion section and remove energy
from the system, enthalpy decreases. As we move from point 3 to point 4 across the
condensation section and remove energy from the system, enthalpy decreases. As we
move from point 4 to point 1 across the compression section and add energy to the
system, enthalpy increases.

So where do the points 1, 2, 3, and 4 in Figure 2.3 land on our T-s diagram? Of
course it depends on where the system pressure and temperature values are at the four
points. The most basic representation is where the system all remains in the saturated
region. This is known as the Carnot cycle and is represented in Figure 2.4.

This is an ideal cycle in that the compression and expansion cycles happen
isentropically (constant entropy). At this point, we should provide some definitions
of specific thermodynamic processes.

Isothermal process is a process that occurs at constant temperature
Isobaric process is a process that occurs at constant pressure
Isometric process is a process that occurs at constant volume
Isentropic process is a process that occurs at constant entropy
Adiabatic process is a process that occurs with no heat transfer
Throttling process is a process that occurs at constant enthalpy
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Figure 2.4 Basic Carnot cycle. Source: Reproduced with permission of U.S. Department of
Energy.

For the Carnot cycle shown in Figure 2.4, the amount of heat into a system (Q;,)
is the cube 1 2 5 6 and the amount of heat out of a system (Q,,,) is the cube 4 3 5 6.
The net amount of heat transferred into a system Q, is the difference between Q;,
and Q,,; which is the cube 1 2 3 4. This is mathematically stated in equation (2.23).

Qne[ = Qin - Qout (223)

In the Carnot cycle shown in Figure 2.4, the theoretical maximum efficiency
of the steam cycle can be described using temperatures (in units of Rankin) and is
given by the equation (2.24). This is because the Carnot cycle has the entire process
occurring in the saturated steam region where temperature does not change with the
change in enthalpy.

Effynax = (1 = Tou/Tin) X 100% (2.24)
where

T,,; = the absolute temperature for heat rejection (°R)
T;, = the absolute temperature for heat addition (°R)

(Fahrenheit temperature is converted to absolute temperature in Rankine by
adding 460°.)

As we will learn later in Chapter 9 covering pumps, pumps are designed to
pump fluids only and not steam. Pumps designed to pump water can quickly fail
due to a phenomenon known as cavitation when steam forms in the pump. This is
discussed in more detail in Chapter 9.

Since pumps are not designed to pump steam, the system must be designed such
that the compression function is performed in the subcooled region where evaporation
in the pump suction cannot occur. Therefore the Carnot cycle is not representative of
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Figure 2.5 Basic Rankine cycle showing operation in subcooled region for pumps. Source:
Reproduced with permission of U.S. Department of Energy.

the actual thermodynamic cycle of a plant but was a good place to start to understand
the basic thermodynamic cycle.

The Rankine cycle, as shown in Figure 2.5, describes the more realistic thermo-
dynamic cycle. There are several differences between the ideal (Carnot) and actual
(Rankine) thermodynamic cycles that we will discuss below.

In the basic Rankine cycle, energy is transferred in the form of heat during the
evaporation process and the condensation process. Energy is transferred in the form
of work during the compression process and the expansion process.

Heat is added (Q, ) to the system between points 1 and 2 during the evaporation
process. There are two types of heat transfer during this process. From point 1 to point
1/, the heat transfer is in the form of sensible heat transfer where, as energy is added
to the system, the temperature of the subcooled water is increased to the point where
the water becomes saturated at point 1’. From point 1’ to 2, the heat transfer is in the
form of latent heat transfer where, as energy is added to the system, the temperature
of the material remains constant but the state of the material is changed from liquid
state to a gaseous state. Note that this process occurs on a line of constant pressure.
Therefore, this is an example of an isobaric process.

Work is done by the system (W,) between points 2 and 3 during the expansion
process. Note that, for this ideal model, this process occurs on a line of constant
entropy. Therefore, this is an example of an isentropic process.

Heat is removed (Q,) from the system between points 3 and 4 during the con-
densation process. From point 3 to 4/, the heat transfer is in the form of latent heat
transfer where, as energy is removed from the system, the temperature of the material
remains constant but the state of the material is changed from a mostly gaseous phase
to a saturated liquid phase. Subcooling occurs between points 4’ and 4. Heat transfer
is in the form of sensible heat transfer where, as energy is removed from the system,
the temperature of the water decreases. This is done to prevent pump cavitation. Note
that this process occurs on a line of constant pressure. Therefore, this is an example
of an isobaric process.



PRESSURE, TEMPERATURE, AND VOLUME RELATIONSHIPS 65

Evaporation
boiler

Compression
boiler feed

pump

Expansion

6 turbine

Evaporation
feedwater heater

5

Compression
condensate

pump

Condensation
4 condenser 3

Figure 2.6 Feedwater regenerative cycle. Source: Reproduced with permission of U.S.
Department of Energy.

Work is done to the system (W) between points 4 and 1 during the compression
process. Note that, for this ideal model, this process occurs on a line of constant
entropy. Therefore, this is an example of an isentropic process.

The thermal efficiency of the system is defined as the amount of net work done
by the turbine divided by the amount of heat added to the system and is a measure of
the efficiency of energy transfer of the system (Eff;, = W,/Q,). Note that by either
maximizing the net amount of work produced by the system or by minimizing the
heat into the system, efficiency can be maximized.

In actual application, the actual thermodynamic cycle is not a perfectly isen-
tropic process due to the second law of thermodynamics which states that no process
is irreversible. This implies that for any process, the entropy of the system always
increases. However, assuming an isentropic process is a reasonable initial approx-
imation to help us initially understand the physics involved in the thermodynamic
cycle.

Below are the basic concepts addressed in the discussion above and shown in
Figures 2.3 and 2.5.

Q, — heat added to the system = h, — h; (2.25)
0, — heat removed from system = i3 — hi, (2.26)
W, — work done to the system by the pump = h; — hy (2.27)
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W, — work done by the turbine = h, — hy (2.28)
W, — net work of the system = W, — W, (2.29)
Eff,, — thermal efficiency of the system = (W,/Q,) (2.30)

As mentioned above, the thermal efficiency of the system can be improved if
we increase the net work of the system which is the difference between the work done
by the system (W,) and the work done by the pump (W,,). Therefore, if we reduce the
net work done by the pump (W), we will increase the overall thermal efficiency of
the system. This is the function of the feedwater heater system. The addition of the
feedwater heater system is shown in Figure 2.6. As can been seen from Figure 2.7, out
of the condenser, the condensate pump increases the energy in the system from point
4 to point 5. Then the feedwater heater increases the energy in the system from point 5
to point 6. Then the boiler feed pump increases the energy of the system from point 6
to point 1. Since the feedwater heater performs some of the work that was previously
done by the pump, this has the effect of reducing the work done to the system by
the pump (W),) which has the effect of increasing the net work done by the system
(W,) and increases the overall efficiency of the system. There is an additional benefit
in having the work of the condensate pump reduced in that it reduces the amount of
pressure reduction in the suction side of the condensate pump. Reducing the pressure
drop at the suction of the pump reduces the amount of subcooling required for the
condensate pump to ensure we do not start cavitating the pump. If we reduce the
subcooling requirement, we increase the efficiency of the thermal process since we
are rejecting less heat in the condenser.

Just as pumps are designed to only pump liquids, turbine blades are designed
to only have steam pass through the blade stages. If the steam becomes saturated
and begins to condense out water in the turbine blade sections, the water droplets
will impinge on the blades and cause turbine blade damage. Therefore, it is com-
mon practice to superheat the steam entering the expansion stage at the steam turbine
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Subcooled 2

| =Y cooe1 Superheated
g

=]
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Figure 2.7 Feedwater regenerative T-s diagram. Source: Reproduced with permission of
U.S. Department of Energy.
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Figure 2.8 Superheat design. Source: Reproduced with permission of U.S. Department of
Energy.

as is shown in Figure 2.8. Additionally, this increases the amount of heat into the
thermodynamic cycle, which increases the thermal efficiency of the process. Now, as
the steam is expanded through the turbine, energy is released and the temperature of
the steam drops, but the steam remains superheated and does not condense out in the
turbine blade sections.

Much like the discussion of using multiple pumps in the compression section to
limit the pressure drop across any one pump stage, it is typical to use several turbines
and turbine stages in the expansion process. This allows for the removal of more
energy from the steam as, in the intermediate section, the steam is reheated at a lower
pressure and therefore, once the steam condenses through the second, lower pressure
turbine, the saturation temperature of the steam is reduced. This allows us to remove
more energy from the steam before the steam enters the saturated region where we
no longer want to put the steam through the turbine to prevent water impingement
issues. When multiple turbines are used and a reheat is used, the Rankine cycle now
appears as shown in Figures 2.9 and 2.10.

The input to the first high pressure turbine is shown at point 8. The discharge
from the high pressure turbine is shown at point 1. At this point, the steam is sent
back to the boiler in the “cold reheat” lines where energy is added back to the steam
to increase the temperature of the steam along the lower intermediate pressure line.
The steam from the cold reheat system enters the boiler at point 1 and exits the boiler
at point 2. At this point the reheated steam leaves the boiler through the hot reheat
line and enters the intermediate or low pressure turbine at point 2. Then the reheated
steam is expanded through a second lower pressure stage of the turbine. It leaves the
low pressure turbine at point 3 where it enters the condenser. Note that, at this lower
pressure, the saturation temperature of the fluid is less than could be achievable at the
higher pressure section. Therefore, using reheat design, more energy can be extracted
from the steam during the expansion process which increases the thermal efficiency
of the system. The generation station equipment that achieves the various functions
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Figure 2.9 Feedwater regenerative cycle with reheat. Source: Reproduced with permission
of U.S. Department of Energy.

of the feedwater regenerative thermodynamic cycle that is shown in Figure 2.10 can
be seen in Figure 2.11.

As mentioned previously, when the condensate enters the condensate pump
suction, the pressure drops slightly at the suction side due to losses in the suction
piping and the design of the pump impeller. If the liquid is saturated at a specific
temperature, reducing the pressure at the suction of the pump will increase the steam
quality causing some of the water to evaporate. This rapid evaporation of water to
steam in the suction of the pump causes cavitation which occurs when steam bubbles
develop in the suction of the pump impeller, and then collapses in the impeller as
pressure increases on the surface of the impeller. This would result in destruction of
the pump impeller. To prevent this from occurring, the condensate is cooled below the
point of saturation. This is known as condensate depression or condensate subcooling.
The benefit of this process is to ensure pump protection by preventing cavitation in
the pump, but the drawback of this process is that it reduces the thermal efficiency
of the system. The act of subcooling the saturated condensate removes more energy
from the fluid which then has to be re-added later in the evaporation process and this
additional heat does not procure any additional work. In summary,

* Increasing “subcooling” increases the reduction of condensate temperature and
reduces system efficiency.

* Decreasing “subcooling” decreases the reduction of condensate temperature
and increases system efficiency.
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Figure 2.10 Feedwater regenerative cycle with reheat T-s diagram. Source: Reproduced
with permission of U.S. Department of Energy.

As mentioned previously, the compression and expansion processes are not
truly isentropic. During both processes, the entropy of the system is increased. There-
fore as the temperature/pressure of the fluid is changed, the entropy of the system
increases. Since entropy always increases, this shift is always along the positive direc-
tion of entropy.
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Figure 2.11 Typical steam turbine thermodynamic cycle equipment. Source: Reproduced
with permission of U.S. Department of Energy.
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HEAT RATE

It is desired to operate the power plant as efficiently as possible for two reasons.
First, a higher efficiency means, for a certain amount of electrical energy out of the
plant (MWh), we minimize the amount chemical energy input needed into the sys-
tem (BTU). Since the energy into the system is directly related to the amount of fuel
needed, a more efficient plant will require less fuel for the same amount of electrical
energy delivered. Less fuel means less fuel cost. Therefore, we minimize costs by
operating a more efficient plant. In addition, for power plant topologies that relay on
fossil fuel combustion, the combustion of the fuel releases various constituents into
the environment as a byproduct of combustion. For carbon-based fuels, a primary
constituent is the release of carbon dioxide which is a greenhouse gas. Additionally,
depending on the type of fuel utilized, other byproducts such as NO and NO, (known
as NO,) are released. If we operate a more efficient plant, for a certain amount of elec-
trical energy out of the system, we use less fuel and, therefore, release less byproduct
into the environment.

In a power plant, we talk about efficiency in terms of heat rate. In general, heat
rate is a measure of the energy into the system divided by the energy out of a system.
Specifically, the net plant heat rate (NPHR) is the amount of heat energy into a boiler
divided by the net amount of energy out of the plant and is mathematically described
by the following formula.

NPHR = Qg /NPO (2.31)
where

NPHR = net plant heat rate (BTU/kWh)

Qg = heat into boiler (BTU/hr)

NPO = net plant output (kW)

Efficiency is a measure of the amount of energy out of a system divided by the
amount of energy into a system. This is the inverse function of NPHR. Therefore, a
plant with a higher efficiency has a lower heat rate.

Just as we can look at the efficiency or heat rate of the plant overall, we can
look at the efficiency or heat rate of any system within the plant. For example, the
efficiency of the turbine system is described by the net turbine heat rate (NTHR) as
the ratio of the heat energy into a turbine divided by the net mechanical energy output
of the turbine. It is mathematically described by the following formula.

NTHR = O1/NTO (2.32)
where
NTHR = net turbine heat rate (BTU/kWh)

Q7 = heat into turbine (BTU/hr)
NTO = net turbine output (kW)

The net plant output (NPO) is the difference between the net mechanical energy
delivered by the turbine to the generator and the energy utilized by the plant auxiliary
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systems required to operate the plant. It is mathematically described by the following
formula.

NPO = NTO — AP (2.33)
where

NPO = net plant output (kW)
NTO = net turbine output (kW)
AP = auxiliary power (kW)

The efficiency of the boiler (1) is defined as the ratio of the heat energy into
the turbine (which is ideally the heat energy out of the boiler) divided by the heat
energy into the boiler. It is mathematically described by the following formula.

ng = Or1/0p (2.34)
where

Ot = heat into turbine (BT U/hr)
Qg = heat into boiler (BTU/hr)

With the above system efficiencies defined, we can now combine these equa-
tions to derive our overall NPHR in terms of the efficiencies of our various systems.
This is mathematically derived below.

First, starting with equation (2.31), we find,

NPHR = Qy /NPO

Using equation (2.33) that defines our net plant output, we can substitute the
values of net turbine output and auxiliary power into equation (2.31) to find,

NPHR = Qg /(NTO — AP)
If we multiply both numerator and denominator by (1 / NTO), we find,
NPHR = [1/NTO] x [Qg /(1 — AP/NTO)]

Next, we can rearrange equation (2.32) for net turbine output and find that it is

NTHR = Q;/NTO
or

NTO = Qp/NTHR

We can substitute this back into the equation for NPHR to find

NPHR = [NTHR/Q+1] X [Qg /(1 — AP/NTO)]

Rearranging the above equation to combine the heat into the turbine and the
heat into the boiler, we find,

NPHR = [Qy/01] X [NTHR/(1 — AP/NTO)]
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We can now use equation (2.34) and replace the ratio of heat into the boiler and
heat into the turbine with boiler efficiency with the following substitution.

Mg = QT/QB
NPHR = [1/5g] X [NTHR/(1 — AP/NTO)]

Rewriting this equation, we can find the NPHR in terms of the efficiencies of
our individual systems. We now find that the NPHR is a function of the NTHR, the
boiler efficiency, the auxiliary power and the NTHR as shown in equation (2.35).

NTHR

NPHR = . (2.35)
7 X [1 — (AP/NTO)]

where

NPHR = net plant heat rate (BTU/kWh)
NTHR = net turbine heat rate (BTU/kWh)
AP = auxiliary power (kW)

NTO = net turbine output (kW)

ng = efficiency of boiler

To maximize plant efficiency and minimize the NPHR, we want to keep the
NTHR as small as possible, keep the plant auxiliary energy utilization (AP) as small
as possible, keep the net turbine output (NTO) as large as possible, and keep the
boiler efficiency (1) as large as possible. Remembering that a smaller NPHR is better
performance and a higher NPHR is worse performance, a reduction in the net turbine
output or boiler efficiency, an increase in the auxiliary power utilization, or an increase
in NTHR will adversely affect our overall NPHR.

Just as steam undergoes the processes of compression, evaporation, expansion,
and condensation to make up the Rankine cycle, in a combustion engine, the gas (air
typically) used in the combustion process also goes through a cycle of compression,
combustion, expansion, and exhaust that make up the Brayton cycle. We will discuss
this in more detail in Chapter 4 on combustion.

Some plant topologies incorporate both cycles, where prior to the exhaust pro-
cess of the Brayton cycle of a combustion turbine, the heated gas or air flows past
a “steam generator” where the gas heats up the water and performs the evaporation
process of the Rankine cycle. This is known as a combined cycle plant as it com-
bines the functions of both the Brayton and Rankine cycles. This is also known as a
topping/bottoming cycle where the Brayton cycle is the topping cycle and the Rank-
ine cycle is the bottoming cycle. The Brayton cycle is discussed in Chapter 12 on
combustion turbines and engines.

GAS THERMODYNAMIC ANALYSIS FUNDAMENTALS

The thermodynamic cycle of the gas turbine is known as the Brayton cycle as shown
in Figure 2.12.
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Figure 2.12 T-Diagram for isentropic Brayton cycle. Source: Reproduced with permission
of NASA.

Enthalpy values for the gas at the 4 points of interest can be derived from the
T-s Diagram for the specific gas used for the Brayton cycle. The four basic processes
are compression, combustion, expansion, and exhaust.

The compression process increases the pressure of the gas from pressure P, to
Pressure P; at points 1 and 2 where the pressure is increased leading to an increase
in the enthalpy value of the gas media. The compressed gas then undergoes the com-
bustion process between points 2 and 3 where the temperature of the gas media is
increased leading to a further increase in the enthalpy value of the gas media. The
heated compressed gas then is expanded across the gas turbine from points 3 to point
4 where the pressure is reduced from pressure P; to pressure P, across the turbine
blades leading to a reduction of enthalpy across the turbine blades. The product of the
mass flow rate of air across the turbine blade and the difference in enthalpy across
the turbine blades defines the amount of energy delivered by the gas media to the
turbine. The final stage is the exhaust between points 4 and 1 which is simply the dif-
ference in the enthalpy of the incoming air and the exhaust air and represents energy
lost to the environment during the exhaust process. The compressor that performs
the compression is connected to the same shaft as the main turbine and the main tur-
bine provides the energy for compression. This amount of energy is the difference
in enthalpy between points 1 and 2 times the mass flow rate of the gas media. The
net available power of the turbine to drive the generator is the difference between the
gross energy developed during expansion minus the energy used during compression.
The amount of work available to turn the generator is the gross work of the turbine
minus the amount of work done by the compressor (in applications where the turbine
and compressor are on the same shaft) as shown in equation (2.36).

Wpet = Work available to drive generator = W oic = Weompressor ~ (2.36)
where
Wt = net work sent to the generator
Weross = gross work developed by turbine
W.omp= Work absorbed by compressor

comp
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Figure 2.13  Brayton cycle. Source: Richard C. Dorf, 1995. Reproduced with permission of
Taylor & Francis Group LLC Books.

Typically 50% to 60% of the gross energy developed by the turbine goes to
drive the compressor stage. The amount of heat into the system is defined as Q;, and
the amount of heat rejected from the system is defined as Q,,; as shown in Figure 2.13.

With these terms defined we can define the thermal efficiency of the combustion
turbine as the amount of net work available to drive the generator by the amount of
heat added to the system.

Mih = Wnet/Qin = (Qin - Qout)/Qin =1- (Qout/Qin) (237)

where

ng = thermal efficiency of Brayton cycle

W, = net work sent to the generator

0;, = heat into system

Qout = heat rejected from system

If we ignore the compressibility of the gas stream, we can define the ideal ther-

mal efficiency in terms of the temperatures of the gas stream (using absolute values
of K or °R).

where

N = thermal efficiency of Brayton cycle
T, = gas temperature into compressor (K or °R)
T, = gas temperature out of compressor (K or °R)
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T; = gas temperature into turbine (K or °R)

T, = gas temperature out of turbine (K or °R)

Therefore, if we maximize 7, and 75 and/or minimize the values of 7, and
T,, we maximize the thermal efficiency of the gas thermal cycle. There are thermal
material limits that must be maintained to ensure the integrity of the equipment just
like a steam turbine so there are constraints that are placed on how high we can make
T, and T3.

The gas stream is compressible and, as such, the compressibility of the gas
affects the efficiency of the Brayton cycle. The thermal efficiency 7, can also be
expressed in terms of the compressor ratio.

g = 1 = [1/(Py/P)*=D/0] (2.39)
where

N = thermal efficiency of Brayton cycle
P, = discharge pressure of air compressor
P, = suction pressure of air compressor

k = compressibility of air factor

As we increase the ratio of output compressor pressure P, to inlet compressor
pressure P, the value of P,/P| increases. This decreases the second term of equation
(2.39) which increases the thermal efficiency of the gas turbine. It would seem that we
could continue to increase the differential pressure across the compressor and con-
tinue to make our system more efficient by simply maximizing the compressor ratio
P,/P;. However, to obtain higher values of differential pressure across the compres-
sor, more work must be done by the turbine to drive the compressor which leaves
less work available to drive the generator. At the same time, while increasing P,/P,
increases efficiency, the magnitude of the increase is more pronounced at lower ratios
than at higher ratios. In other words, doubling the ratio of P,/P from a value of 2
to 4 has more of an improvement in efficiency than does doubling the ratio of P,/P,
from a value of 20 to 40. There is some point where it takes more power to obtain a
larger compressor ratio than is gained by the increase in the thermal efficiency due
to the compressor pressure differential. A compressor ratio P;/P, of between 10 and
20 results in the most efficient thermal cycle with still adequate power left to drive
the generator.

The thermodynamic Brayton cycle is shown in Figure 2.14 with both the ideal
isentropic process shown as cycle 1, 2S, 3, 4S and the realistic non-isentropic process
shown as cycle 1, 2, 3, 4. Just as in the case of the steam turbine, the Brayton cycle is
not ideal (non-isentropic). The enthalpy increases from point 1 to 2 as the compressor
does work on the gas stream. In the isentropic case, the compressor would compress
the gas from point 1 to point 2S. This change in entropy results in a loss of usable
energy in the compressor. The efficiency of the compressor is the ideal change in
enthalpy divided by the actual change in enthalpy due to the increase in entropy. The
efficiency of the compressor is mathematically modeled by

Heomp = (hos — hy)/(hy — hy) (2.40)
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Figure 2.14 T-s Diagram for isentropic and non-isentropic Brayton cycle. Source:
Reproduced with permission of NASA.

where

Neomp = compressor efficiency
h; = enthalpy at compressor inlet
hyg = enthalpy at constant entropy at discharge of compressor

h, = actual enthalpy at discharge of compressor

Similarly, as the turbine receives work from the gas stream, the enthalpy
decreases from point 3 to point 4. In the isentropic case, the turbine would expand
the gas from point 3 to point 4S. This change in entropy results in a loss in the tur-
bine. The efficiency of the turbine is the actual change in enthalpy due to the increase
in entropy divided by the ideal change in enthalpy. The efficiency of the turbine is
mathematically modeled by

Mo = (3 — hy) /(3 — hyg) 2.41)
where
Nusb = turbine efficiency
hy = enthalpy at turbine inlet

h,s = enthalpy at constant entropy at exit pressure
h, = actual enthalpy at exit pressure

Example 2.11 Determine the compressor efficiency if

h; = 150 BTU/Ibm
h, = 1000 BTU/Ibm
hss = 850 BTU/Ibm
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Solution:  Using equation (2.40) we find
Neomp = (hps = hy) [ (hy — hy)

Heomp = (850 BTU/Ibm — 150 BTU/Ibm) / (1000 BTU/Ibm — 150 BTU/Ibm)
Heomp = 700 BTU/Ibm / 850 BTU/Ibm
Neomp = 0.82 or 82%

Example 2.12 Determine the turbine efficiency if

hy = 2500 BTU/Ibm
h, = 1000 BTU/Ibm
h,g = 600 BTU/Ibm

Solution:  Using equation (2.41) we find
ey = (h3 = hy) [ (h3 = hy)
Hearp = (2500 BTU/Ibm — 1000 BTU/Ibm) / (2500 BTU/Ibm — 600 BTU/lbm)
A = 1500 BTU/Ibm / 1900 BTU/Ibm
Heury, = 0.78 or 78%

GLOSSARY OF TERMS

¢ Adiabatic process is a process that occurs with no heat transfer.
* Conduction is the transfer of energy through matter from particle to particle.
¢ Convection is the transfer of heat by the actual movement of the warmed matter.

¢ Density — The measure of the mass of a material that is in a specific volume of
material.

¢ Efficiency is a measure of the amount of energy out of a system divided by the
amount of energy into a system. This is the inverse function of NPHR.

¢ Heat rate is a measure of the energy into the system divided by the energy out
of a system.

¢ Isentropic process is a process that occurs at constant entropy.

¢ Isobaric process is a process that occurs at constant pressure.

* Isometric process is a process that occurs at constant volume.

¢ Isothermal process is a process that occurs at constant temperature.

¢ Latent Heat Transfer — A process when energy is transferred and results in a
change in the state of the material (i.e., change from liquid to gas), but the
temperature remains constant.

¢ Natural Circulation — The circulation of water in a boiler caused by differences
in density.
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Net plant heat rate (NPHR) is the amount of heat energy into a boiler divided
by the net amount of energy out of the plant.

Net turbine heat rate (NTHR) is the ratio of the heat energy into a turbine
divided by the net mechanical energy output of the turbine.

Pressure — The measure of force per unit area.

Radiation is a process where electromagnetic waves directly transport energy
through space.

Sensible Heat Transfer — A process when energy is transferred and the transfer
of energy results in a change in the temperature of the material, but the state of
the material (i.e., solid, liquid, or gas) remains the same.

Specific Volume — The measure of the volume that a material takes up for a
specific amount of mass of the material.

Specific Heat — The measure of the amount of energy that is transferred in the
form of heat per unit mass.

Temperature — The measure of the average molecular kinetic energy of a
material.

Throttling process is a process that occurs at constant enthalpy.

PROBLEMS

21

2.2

2.3

A combined cycle power plant utilizes two thermal cycles to drive the two generators.
One generator is driven by a combustion turbine and the other generator is driven by a
steam turbine. What are the names of the two thermal cycles that are referenced by the
term “‘combined cycle?”

A. Rankine — Carnot

B. Rankine — Brayton

C. Carnot — Brayton

Complete this sentence. Overall power plant thermal efficiency will decrease if...
A. the steam temperature entering the turbine is increased
B. the temperature of the feedwater entering the steam generator is increased

C. the amount of condensate depression (subcooling) in the main condenser is
decreased

D. the temperature of the steam at the turbine exhaust is increased

The theoretical maximum efficiency of a steam cycle is given by equation (2.24). A
power plant is operating with a stable steam generator pressure of 900 psia at satu-
rated steam conditions with a saturation temperature of 532.02°F. What is the approxi-
mate theoretical maximum steam cycle efficiency this plant can achieve by establishing
its main condenser vacuum at 1.0 psia at saturated steam conditions with a saturation
temperature of 101.69°F? (Hint: Assume both the steam generator and condenser are
at saturated steam conditions. Use ASME steam tables and assume saturated steam
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conditions in the steam generator and condenser to determine the temperature of the
working fluid in the two states.)

A. 35%
B. 43%
C. 57%
D. 65%

Main condenser pressure is 1.0 psia. During the cooling process in the condenser, the
temperature of the low pressure turbine exhaust decreases to 100°F, at which time it is

a...
A. saturated liquid

B. saturated vapor

C. subcooled liquid

D. superheated vapor

A liquid is saturated with 0% quality. Assuming pressure remains constant, the addition
of a small amount of heat will...

A. raise the liquid temperature above the boiling point

B. resultin a subcooled liquid

C. result in vaporization of the liquid

D. result in a superheated liquid

‘Which one of the following is the approximate steam quality of a steam-water mixture
at 250°F with an enthalpy of 1000 BTU/Ibm?

A, 25%
B. 27%
C. 83%
D. 92%

If a saturated vapor is at 205°F and has a steam quality of 90%, its specific enthalpy is
approximately...

A. 173 BTU/Ibm

B. 271 BTU/Ibm

C. 1050 BTU/Ibm

D. 1147 BTU/Ibm

If the steam’s pressure is 230 psia and is at a temperature of 900°F, what is the approx-

imate amount of superheat? (Given the saturation temperature of saturated steam at
230 psia is 393.71°F.)

A. 368°F
B. 393°F
C. 506°F
D. 535°F

Which one of the following is the approximate amount of thermal energy required to
convert 2 1bm of water at 100°F and 100 psia to a saturated vapor at 100 psia? (Given
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the value of enthalpy of subcooled water at 100°F and 100 psia is 68.3 BTU/Ibm and
the value of enthalpy of saturated vapor at 100% steam quality, and 100 psia is 1187.5
BTU/Ibm.)

A. 560BTU

B. 1,120BTU
C. 2238BTU
D. 3356 BTU

In the basic heat cycle there are four processes, compression, expansion, evaporation,
and condensation. Referring to Figure 2.4, these four processes are represented by four
lines. Which line presents the compression process of the basic steam cycle?

A. Line 1-2

B. Line2-3
C. Line 34
D. Line4-1

In the basic heat cycle shown in Figure 2.4, the heat into the system (Q,,) is defined as
which of these blocks?

A. Box1,2,3,4,1
B. Box1,2,5,6,1
C. Box4,3,5,6,4

Given a temperature of 0°F, what is this temperature in the Rankine scale?

Condensate depression is the process of ...

A. removing condensate from turbine exhaust steam

B. spraying condensate into turbine exhaust steam

C. heating turbine exhaust steam above its saturation temperature

D. cooling turbine exhaust steam below its saturation temperature

The law that states that any thermodynamic process is irreversible as the net entropy of
a system and its surroundings always increases is which law?

A. The first law of thermodynamics

B. The second law of thermodynamics

C. Ohms Law

D. Stuarts Law

Given the following values for compressor inlet and outlet isentropic and non-isentropic

enthalpies, determine the compressor efficiency.
Determine the compressor efficiency if

h, =250 BTU/Ibm
h, = 1250 BTU/Ibm
h,s = 1000 BTU/Ibm

Given the following values for turbine inlet and outlet isentropic and non-isentropic
enthalpies, determine the turbine efficiency.
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hy = 3000 BTU/Ibm
h, = 1000 BTU/Ibm
hys = 700 BTU/Ibm
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CHAPTER 3

BOILERS AND STEAM
GENERATORS

GOALS

* To identify the equipment used for in the Rankine thermodynamic process
* To understand the basics of feedwater heater level control

* To identify the basic difference between a pressurized boiler design and bal-
anced draft boiler design

* To develop a temperature profile for a heat recovery steam generator and iden-
tify the location of the superheater approach temperature and the economizer
approach temperature

* To identify the difference between a watertube and firetube boiler design
¢ Identify auxiliary equipment utilized in boiler control systems

¢ Utilizing a psychometric chart, perform temperature conversions from dry bulb
to wet bulb temperatures

N OW THAT we have a fundamental understanding of the steam cycle we
can begin to discuss some of the equipment that is used in the thermodynamic sys-
tem in a power generation facility. The steam generator or boiler is a device used
in the evaporation process to add energy to a water system to increase the enthalpy
of the system, causing the water to evaporate to steam (and superheat the steam) to
prepare the steam for delivery to the turbine section. We saw in Chapter 2 on the
Rankine cycle that we will preheat the feedwater to the boiler to improve overall
plant efficiency. This is accomplished with a feedwater heater.

Figure 3.1 shows a typical feedwater heater arrangement. The feedwater system
enters the “water box” on the right side and enters the tubes through the tube sheet.
The tubes and tube sheet form the barrier between the feedwater side and steam side.
Extraction steam is fed to the shell side and it enters a de-superheating zone. In this
area, the extraction steam temperature is reduced to the saturation temperature for the
operational pressure of the steam side of the feedwater heater. Shrouds and baffles are

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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Typical feedwater heater internal arrangements
Desuperheating, condensing, and subcooling zones
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Figure 3.1 Typical feedwater heater arrangement. Source: Reproduced with permission of
Tampa Electric Company. Reproduction is forbidden without the express consent of Tampa
Electric Company.

used to allow for sufficient time for the extraction steam to be exposed to the tubes
containing the feedwater to allow for condensation. After condensation, the liquid
enters the subcooling section and then leaves the heater via the drains.

There are two main parameters to control to ensure the performance of the
feedwater heater. The first parameter to monitor is the heat transfer capability of the
heat exchanger and the second parameter to monitor is the feedwater heater level to
ensure the shell side level remains at the normal level.

Energy in the feedwater heater is being transferred from the extraction steam
system to the feedwater system. On the extraction steam side, heat transfer occurs as
latent heat transfer (i.e., it occurs at the saturation temperature for the steam pressure
on the shell side of the feedwater heater). Therefore, except for any subcooling zone
activity, the shell side temperature does not change from the extraction steam that
enters the shell side to the area where condensate is collected on the shell side. As
thermal energy is transferred in the form of heat from the steam side to the feedwater
side, the steam side condenses but remains at saturation temperature, but since the
feedwater side heat transfer is sensible heat transfer, the feedwater side temperature
increases. A measure of the efficiency of this heat transfer is the terminal tempera-
ture difference (TTD). TTD is defined as the saturation temperature of the extraction
steam minus the feedwater outlet temperature. In a feedwater heater with good heat
transfer characteristics, the value of TTD will be very small. Should the heat transfer
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characteristics deteriorate in a feedwater heater (for instance, if the feedwater heat
tubes start to build up a layer of calcium increasing the thermal resistivity of the tube
to heat transfer), then the value of TTD will increase. Typical ranges for TTD on a
high pressure heater is 5° F to 10° F depending on the design of the feedwater heater.
Low pressure feedwater heaters have a value of TTD of around the 5° F point.

Level control on the steam (shell) side is critical for safe and efficient feedwa-
ter heater operation. The condensate on the shell side cannot be allowed to reach the
steam inlet or the condensate may feed back to the turbine drains causing impinge-
ment damage to the turbine blades. At the same time, the level of the shell side of
the feedwater heater should be maintained at a low level. This allows for maximum
tube surface area exposure to the extraction steam. Since latent heat transfer is capa-
ble of greater amounts of energy transfer for the same mass flow rate than sensible
heat transfer, we try to maximize the number of tubes that are exposed to saturated
steam and transfer heat to the feedwater via latent heat transfer instead of allowing
the steam to condense completely. The level of the condensate in the shell side must
never reach the drain outlet. Should this happen, steam could be introduced into the
condenser and a loss of vacuum may occur in the condenser causing reduced efficien-
cies and heating concerns with the low pressure turbine blade stage.

The second method of monitoring the performance of a feedwater heater is by
monitoring the level of condensed extraction steam in the shell side of the feedwater
heater. Some feedwater heaters contain level sensors to monitor this and more can be
learned about level control in Chapter 24 on instrumentation. An alternate means of
determining the level in the feedwater heater is by measuring the difference between
the drain cooler outlet and the feedwater inlet. We can infer condensate level in the
drain cooler section of the feedwater heater by the temperature difference between the
temperature of the condensate in the drain cooler temperature and the feedwater inlet
temperature. The drain cooler approach temperature (DCA) is the temperature of the
steam drain cooler section less the feedwater inlet temperature. An increasing DCA
temperature difference indicates the level in the shell side of the feedwater heater is
decreasing and a decreasing DCA temperature indicates the level in the shell side of
the feedwater heater is rising as is shown in the Figure 3.2.

Figure 3.2 shows the relationship of shell side condensate level versus the DCA.
The level of the feedwater heater must be maintained at a minimum level to provide
a minimum amount of subcooling. This ensures that the condensate exiting the steam
drains does not flash into steam as it passes the drain valve. The measure of DCA
measures the difference between the feedwater and steam drain system. If there is no
direct indication of feedwater heater shell side liquid level, the DCA can be utilized
to estimate the level of liquid in the feedwater heater shell side utilizing Figure 3.2.
The value of DCA is maintained at a low level ensuring a minimum shell liquid level
in the feedwater heater. As the level on the shell side reduces, the DCA increases and
can be used as indication that condensate level in the shell side is too low.

The furnace section of a boiler is where the fuel and air is mixed and combusted.
The water and steam is contained inside the boiler tubes (this is known as a watertube
design) and the hot gas from the combustion process passes by the outside of the
tubes. The boiler has a “back pass” region that contains the superheater section and
economizer section. All of the water wall tubes combine at a header at the top of the
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Horizontal heater level setting
DCA temperature vs. shell liquid level
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Note: Shell liquid level is measured from the bottom of the shell.
Figure 3.2 DCA temperature vs. shell liquid level. Source: Reproduced with permission of
Tampa Electric Company. Reproduction is forbidden without the express consent of Tampa
Electric Company.

boiler called the upper wall header and feed the “steam drum” at the top or penthouse
of the boiler. Similarly, all the water wall tubes combine at a common header at the
bottom of the boiler called a lower wall header that connects to a water drum or “mud
drum” (if provided). There are several large diameter pipes connecting the bottom
of the steam drum to the water or mud drum called “downcomers”. If the boiler is
a forced circulation design, then there will be “boiler water recirculation” pumps
located in the downcomer region. The equipment used in the basic steam flow cycle
is shown in Figure 3.3.

Steam attemperators are located in the penthouse section of the boiler (space
above the top of the boiler gas path) for the main steam and hot reheat steam lines
returning to the turbine to provide spray for control of steam temperature leaving
these sections and to be delivered to the turbine section. Turbine blade materials have
operational thermal limitations and the steam attemperators are used to ensure that
maximum allowable steam temperatures are not exceeded.

The condensate pumps and boiler feed pump supply feedwater into the boiler
to the main steam drum. Exhaust gases from the boiler in the back pass section
preheat this water in the economizer section prior to the feedwater entering the steam
drum. The water in the steam drum is in saturation conditions for the operating
pressure and temperatures of the boiler. Therefore, there is a steam and water
mixture in the steam drum. Typical values for pressure in the main steam system are
2500-3500 psig.

The cooler water in the steam drum is transported via forced or natural circu-
lation (depending on the design of the downcomer section of the boiler) to the water
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Figure 3.3 Basic steam flow path. Source: Reproduced with permission of US Navy
Training Manual.

or mud drum at the bottom of the boiler where the water is distributed to the water
wall tubes. The water wall tubes pick up energy from the hot gases in the furnace
and raise the temperature of the water in the water wall tubes. The water wall tubes
also act as cooling mechanism for the walls of the boiler. The water in the water wall
region rises back to the steam drum at the top of the boiler. During the heating pro-
cess, some of the saturated water changes phase to steam. This water—steam mixture
reenters the steam drum. The water in the downcomer section is denser than the water
in the water wall section. This sets up a natural circulation of the water between the
steam drum and the water or mud drum. The more dense water in the downcomer
section is forced down to the water or mud drum and the less dense water in the water
wall section is forced up to the steam drum due to the density difference between
these two locations.

The steam drum performs two functions. First, it is the water reservoir for this
circulating system between the steam drum, the water wall tubes, and the water or
mud drum. Second, it contains the moisture separators which separate the steam from
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the water in the saturated steam region of the steam drum. The water is returned to
the steam drum for further circulation through the water wall tubes and the steam is
allowed to continue on to the primary superheat section that is located in the back
pass of the boiler. The steam picks up energy in the primary superheat section and
enters the superheat region of the steam tables. This superheated steam leaves the
primary superheat section in the back pass and enters the secondary superheat sec-
tion in the convection pass at the top of the boiler. The gases passing the secondary
superheat section are closer physically to the furnace section than the primary super-
heat section and therefore, more energy can be added to the superheat section in the
secondary superheat tubes. When the steam transfers from the primary superheater
to the secondary superheater, it passes the attemperator section where condensate is
injected into the superheated steam as necessary to maintain steam temperature at the
desired value. This is done to ensure that the temperature of the steam, as it enters the
turbine, is maintained within the physical constraints of the metallurgy of the turbine
blades. Once the steam is past the attemperator, the steam enters the secondary super-
heat section and picks up even more energy from the hot gases in the convection pass
of the boiler and leaves as superheated steam. Steam from this point leaves the boiler
and is transported to the turbine for the expansion process in steam lines known as
main steam lines.

Some designs incorporate a boiler water recirculation pump in the downcomers
of the boiler. This is a forced circulation design. Other designs depend on the density
difference of the water in the downcomers and the water in the water wall tubes to
provide the driving force for fluid flow between the steam drum and the water or mud
drum.

In regard to the air system that feeds the boiler, there are various designs. For
very small boilers, most boiler designs are natural draft. Air heated in the boiler
provides the driving force for airflow through the boiler. Air is naturally sucked into
the boiler inlet and is heated in the furnace section. As the air temperature increases,
the air becomes less dense and this causes the air to rise and leave the boiler through
the exhaust duct. For larger-rated boilers, this natural circulation is not adequate to
ensure sufficient airflow for the rate of combustion of the boiler. These are known as
forced draft systems. There are two basic types of forced draft systems.

The first system is a pressurized boiler system that has one or more forced draft
(FD) fan(s) on the air inlet side of the furnace and no induced draft (ID) fan on the
discharge side. Since the FD fans are on the intake side of the boiler, the operation
of these FD fans raises the air pressure from atmospheric pressure on the suction
side of the FD fans to the pressure delivered to the furnace. Therefore the boiler
furnace section operates at a positive pressure with respect to atmospheric pressure.
These types of systems are called pressurized boilers. The air is then heated in the
furnace section, passes the various boiler tubes for heat exchange, and is exhausted
through the duct work back to the atmosphere.

A second type of system is called a balanced draft system. In this system, there
are one or more FD fans on the intake side of the furnace and there is one or more ID
fans on the discharge side of the furnace somewhere between the economizer section
and the stack. As will be discussed in Chapter 23 on controls, the FD fan regulates
the amount of airflow required for the amount of boiler combustion and the ID fan
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regulates the pressure inside the furnace to the amount required for boiler operation.
The ID fans will be operated to maintain the pressure in the boiler furnace section at
a slightly negative pressure.

In addition, some systems utilize a gas recirculation fan that takes its suction
from the boiler discharge ductwork and reinjects this heated air back to the furnace
section. This helps improve boiler efficiency as the reinjected air is at an elevated
temperature and reduces the amount of fuel needed to heat the air from the FD fans
to operational temperatures.

Over the last several decades, additional equipment has been added to the gas
stream at the exit of the boiler to remove unwanted materials from the exhaust gases.
More will be discussed about these requirements in Chapter 26 on environmental
control. However, most of the systems provide additional pressure drop across the
exhaust duct work and associated equipment. To compensate for this additional pres-
sure drop, booster fans are installed downstream of the ID fans and, as their name
implies, their purpose is to boost the pressure in the discharge duct work to compen-
sate for the additional pressure drop incurred across pollution control equipment in
the discharge duct system.

Much like the purpose of the gas recirculation fan, most systems utilize an air
preheater that is basically a basket of metal that rotates between the boiler inlet duct
system from the FD fan and the boiler outlet duct system going to the ID fan. Part of
the time the metal spends in the discharge duct and is exposed to the higher furnace
air discharge temperatures and this raises the metal temperature of the air preheater
baskets. Then the metal passes to the suction ductwork with the cooler supply air for
the furnace and heats up the incoming air to the furnace. Just like the gas recirculation
fan, the air preheater increases the temperature of the air entering the furnace. This
will reduce the fuel requirement from the burner section needed to operate the system
at the desired operating point. Since the air is preheated, less fuel is needed to raise
the air temperature in the boiler to the necessary value for correct operation. Less fuel
required leads to improved overall system efficiency and reduced emissions.

As the fuel—air mixture is combusted in the furnace, noncombustible ash mate-
rial is generated and carried by the air across the various sections of boiler tubes.
Some of this ash material settles out on the boiler tubes. If the temperature of the
boiler tube exceeds the ash melting temperature, the ash material melts and forms
soot. Most boilers utilize various types of mechanical systems to remove the soot
from the tubes. Most commonly, soot blowers are used to inject steam through a soot
blower lance in the furnace toward the heat transfer surfaces of the tubes to remove the
soot and maintain the heat transfer capability of the tubes. If this soot is not removed,
it can have two adverse effects. First, it will reduce the heat transfer capability of
the tube reducing the amount of heat transferred to the water. Second, as the thermal
resistivity of the tube wall increases, this will lead to elevated tube temperatures and
eventual tube failure.

In a combined cycle plant, the heat recovery steam generator (HRSG) func-
tions much like the boiler in a fossil fuel plant, but the combustion occurs in a gas
turbine, not a furnace. The hot combustion gases exit the turbine section of the gas
turbine engine at elevated temperatures. These hot gases then pass through the steam
generator that contains boiler tubes. Since the gas temperature at the inlet of the steam
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Figure 3.4 Typical temperature profile for a heat recovery steam generator (HRSG).

generator is greater than the gas temperature at the outlet of the steam generator, the
high pressure steam supply tubes in the superheater section are oriented toward the air
inlet of the steam generator, the intermediate reheat pressure tubes in the evaporator
section are located in the mid-section of the HRSG and the low pressure economizer
tubes in the economizer section are located at the air output of the steam generator.
Figure 3.4 shows the typical temperature profile of the HRSG. Energy transfer
in the form of heat is always from the hotter gas surrounding the steam generator
tube to the steam in the steam generator tube. Since, on the gas inlet side (left side of
Figure 3.4), the gas temperature is greater than the gas outlet side (right side of Fig-
ure 3.4), the hotter steam tubes are on the gas inlet side (the left side of Figure 3.4) and
the cooler feedwater tubes are on the gas outlet side (the right side of Figure 3.4). Tur-
bine exhaust gas enters the HRSG at the superheat section at about 1000°F and leaves
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the superheater section at a temperature of about 900°F. The steam enters the steam
generator tubes of the superheater section in a saturated condition at 100% steam
quality at a temperature of about S00°F and leaves the superheater section as super-
heated steam at a temperature of about 900°F. The difference between the turbine
exhaust gas temperature entering the superheater section and the superheated steam
temperature leaving the superheater section defines the superheater approach tem-
perature. For the above values, this temperature difference is about 100°F (1000°F —
900°F). In the evaporator section, the inlet gas is about 900°F (the outlet gas temper-
ature of the superheater section) and leaves the evaporator section at a temperature
of about 600°F. The feedwater enters the evaporator section, from the economizer
section in a saturated condition at 0% steam quality of S00°F and leaves the evapora-
tor section in a saturated condition at 100% steam quality at the same temperature of
500°F. Note that the temperature of the feedwater does not change in the evaporation
section since the heat transfer process is latent heat transfer where the temperature
is held constant, but the phase of the water changes to steam. Also, energy is always
transferred in the form of heat from a point of higher temperature to a point of lower
temperature. Therefore, throughout the gas path in the HRSG, the gas temperature has
to be greater than the steam/water temperature at all locations. The two points where
these two temperatures are closest between the gas stream and the water/steam stream
occur at the feedwater outlet of the economizer section and at the steam outlet of the
superheater section. This defines the approach points shown in Figure 3.4. The gas
enters the economizer section at a temperature of about 600°F (from the outlet of
the evaporation section) and leaves the economizer section (and the HRSG) to the
exhaust ductwork at a temperature of about S00°F. The feedwater enters the econo-
mizer section as a subcooled liquid at a temperature of about 250°F and leaves at a
saturation temperature of just below 500°F.

Boiler Auxiliaries

Burners — The function of a burner is to combine the fuel and the air at the proper
mixture and to provide the source of ignition to ensure complete combustion of the
fuel, and minimize the formation of thermal NO, emissions (emissions are addressed
in Chapter 26 on pollution controls).

Burners control the admittance of oxygen to the combustion chamber. The cor-
rect amount of oxygen needs to be controlled for proper combustion operation. Too
little oxygen (a rich mixture) will lead to incomplete combustion of the fuel and the
release of carbon monoxide (CO). CO is a combustible molecule and still contains a
substantial amount of available chemical energy. Therefore, providing too little oxy-
gen results in some of the combustible material not being utilized, but being carried
away with the flue gas. Too much oxygen allows for the complete combustion of
the fuel, but may increase the amount of NO, generated in the burner. Additionally,
excess air not used in the combustion process only absorbs heat from the furnace but
does not contribute to the combustion process. The additional amount of heated air is
exhausted to the atmosphere and this loss of thermal energy represents a reduction of
efficiency of the boiler. Figure 3.5 shows the relationship for a typical boiler between
excess air and the reduction of boiler efficiency.
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Figure 3.5 Reduction of boiler efficiency due to excess air. Source: Reproduced with
permission of Tampa Electric Company. Copyright 2016 Tampa Electric Company.
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Therefore, the burner control system is always trying to balance just the correct
amount of air necessary to allow for complete combustion, while maintaining excess
air to a minimum.

Burners are also designed to control the temperature at which complete com-
bustion takes place to minimize the formation of NO, molecules.

Burners operating properly provide the following functions to the boiler.

Oxygen control — stoichiometric quantity (not too much and not too little)
Minimize NO, and SO, formation

Provide for uniform combustion

Provide a wide and stable firing range

Provide a fast response

Provide high availability and low maintenance

Provide ignition source for startup and shutdown

There are two main types of boiler design, watertube and firetube. In smaller
boilers (nonutility), it is common for the hot gases from the flame to be contained
within the tubes and the water and steam mixture to surround the tubes. For larger-
sized boilers, it is more common for the water and steam mixture to be in the boiler
tube and for the hot gases from the furnace flame to surround the outside of the tubes.
Since the watertube design is most common in utility applications, this is what will
be presented in this text book.

In the wall-fired boiler furnace design. The burners are horizontally oriented
and direct their flame perpendicularly into the boiler (in actuality, there is a slight tilt
in the downward direction to direct the flame slightly lower in the furnace). There are
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Figure 3.6  Photo of burner front area with boiler wall removed and water wall tubes
exposed.

multiple burners on any one level and there may be several levels of burners depending
on the furnace section design.

Figure 3.6 shows a boiler with a horizontally fired or wall-fired burner design
under construction. The boiler wall insulation system is not yet installed and the
burner auxiliaries and secondary air dampers are not yet installed. The water wall
tubes that surround the furnace section are shown from both the burner front area as
well as from the inside of the boiler. You can see the tubes are modified to make room
for the burner components. The burner directs the flame perpendicular to the boiler
wall where the burners are installed. If the wall was a perfectly horizontal wall, this
would imply the flame is aimed horizontally directly into the furnace section. How-
ever, as can be seen from Figure 3.6, there is a slight turn in the downward direction
to compensate for the flame rising in the furnace section.

In the typical horizontally fired boiler burner, the coal is transported to the
burner via air called “primary air” system. In the burner, the coal is agitated in a
vortex by the distribution vanes of the burner and directed to the combustion zone.
Air from the “secondary air” system is added to and mixed with this coal at the com-
bustion zone and the igniter provides the ignition source. The amount of coal admitted
to the burner is controlled by varying the speed of the conveyors feeding coal to the
coal mills. The amount of secondary air admitted to the burner is controlled by the
secondary air dampers. The function of the secondary air system is to add sufficient
air at the combustion zone to ensure complete combustion of the fuel. Figure 3.7
shows a typical secondary air damper.
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Figure 3.7 Secondary air damper before installation.

Some burner designs also include a SOFA system or separated over fired air
system to lengthen the flame and ensure that complete combustion occurs in an area
of lower flame temperature to minimize the generation of NO,.

The function of the igniter at the burner is to provide the source of energy for
ignition of the fuel. As discussed in Chapter 1 on safety, there are several classes of
igniter based on the energy level the igniter provides.

Figure 3.8 shows a different type of furnace design called a tangentially fired
boiler furnace. Instead of the burners being oriented along the furnace walls as in the
case of the horizontally fired boiler furnace, the burners are arranged along the four
corners of the furnace, with several levels of burners. The burner vertical angle can be

Burner Burner
front front

_

Burner Burner
front front

Figure 3.8 Tangentially fired furnace.
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controlled to raise or lower the flame in the furnace. The burners at the four corners
form a fire ball in the center of the boiler.

The burners can be raised or lowered to move the fireball in the center of the
boiler vertically which can be used to control the gas temperatures around the top of
the boiler area at the convection pass. This feature can be used to control the heat
transfer to the secondary superheater section of the boiler. This will control the tem-
perature of the main steam that is delivered to the high pressure turbine.

For boilers that burn fuels with less energy content, a longer flame is required
to completely combust the fuel. In these applications, either a stoker boiler or a ver-
tical furnace firing pattern is utilized. In the furnace with vertical burners, the flame
is directed in a downward direction and allowed to rise back into the furnace section
of the boiler. This provides for an overall longer flame and more time for complete
combustion of the fuel to occur. In the stoker style boiler, the fuel is placed on a trav-
eling grate and the fuel is transported into the furnace section where it is exposed to
the high temperatures of the furnace for a long period of time. Both of these methods
provide the fuel with a long residence time in the furnace to allow for complete com-
bustion of the fuels. This is the typical type of boiler employed in applications where
the fuel is combustible refuse.

Pulverized coal has a smaller final particle size than crushed coal. For coal
plants that utilize dry crushed coal instead of pulverized coal, cyclone burners are used
to combust the coal and air mixture. The finer the coal granules, the quicker the coal is
completely combusted. Therefore, pulverized coal burners such as horizontally fired
or tangentially fired burners do not require the residence time that crush coal plants
needed to ensure complete combustion of the coal. To get the longer residence time,
the crushed coal is injected to the combustion chamber of the cyclone burner and
primary air is injected to push the coal around the burner area where it is combusted.
This allows for longer exposure times for the coal to completely combust. For more
details on the process of combustion, see the information in Chapter 4 on combustion.

Next, we will discuss some of the auxiliary loads that utilize energy in the plant
to support plant operations.

AIR PREHEATER

The energy contained in hot exhaust gases leaving the furnace represent losses to the
overall plant efficiency. If we had a method of using that hot exhaust gas to preheat
the air entering the furnace, then we would be able to recover some of this energy
and redirect it back to the furnace. Therefore, less energy would be required to get
furnace gas temperature from atmospheric temperature up to required furnace gas
temperatures. The air preheater is such a heat exchanger. This is a rotating device
with baskets. This device has several sections. A two-section air preheater is known
as a bisector and a three-section air preheater is known as a trisector.

One section of the air preheater has hot exhaust gases passing through it from
the economizer section of the boiler which heats up the metal baskets in the air pre-
heater. This collection of baskets is then slowly rotated so that the hot baskets move
to the other section of the air preheater where cold incoming air to the boiler furnace



96 CHAPTER3 BOILERS AND STEAM GENERATORS

Coal from
coal feeder

Heated air inlet from
air preheater

To classifier

Figure 3.9 Coal dryer/crusher.

is passed through the heated metal baskets. In this section, the metal baskets give off
their heat to the air that is then sent to the furnace. By preheating the air that will
be entering the furnace section with energy from the exhaust gases, we improve the
efficiency of the operation of the boiler by requiring less energy in the form of fuel
combustion needed to allow gases to reach required temperature. We also reduce the
environmental impact the exhaust gases may have to the environment by lowering
the temperature that the gases are discharged at.

In addition to adding energy in the form of heat to the air entering the furnace
area, preheated air can also be used for drying functions. Figure 3.9 shows a coal
crusher that has a heated air duct supplied to the crusher to perform a drying function
while the coal is being crushed.

There are several types of coal pulverizers in service and which one is used
depends on the design of the furnace and the particle size of coal needed in the burner
section. One common type is the ball mill pulverizer as shown in Figure 3.10.

In the ball mill coal pulverizer, raw coal from the feeders is fed to the pulverizer
at both ends of the pulverizer and it enters the mill area. Ball mills are used to grind
raw coal material from a size of 1/4 inch (the discharge of the drier crusher), down
to the particle size of 20—75 microns. The mill is turned at a slow speed. The balls
that perform the coal grinding are inserted in the mill at the ball-charging hopper.
These balls are stored in 55 gal drums and added one drum at a time. As the mill
rotates, the balls rise along the side of the mill and fall back onto the coal grinding
the coal to finer sizes. Industrial ball mills are typically 15 ft in diameter but can be
as large as 25 ft in diameter. The material of the balls depends on the material being
ground and, for applications of coal milling, the balls are made from stainless steel.
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Figure 3.10 Ball mill coal pulverizer.

The ball material must be denser than the material being ground so the balls do not
float on top of the material being ground and the ball material must be harder than
the material being ground to ensure long life of the balls. The size of the balls must
be substantially larger than the size of the particles being ground and the typical size
for the balls in a ball mill is 1 inch to 3 inches in diameter depending on the size of
the coal entering the ball mill. Ball mills normally operate with an approximate ball
charge of 30%. The primary physical factor that drives the power drawn by the ball
mill is not the amount of coal in the mill but the weight of the balls inside the mill.
Over time, the balls erode and lose both size and weight and become less efficient at
grinding the coal. Motor power is monitored to detect when the total weight of the
balls in the mill is reduced to the point where grinding efficiency is reduced. This is
also known as mill ball charge. As the mill ball charge is reduced over time, the motor
power drawn is reduced indicating that the mill ball charge is in need of replacement.
More balls can be added to increase the mill ball charge at the ball-charging hopper.
The typical motor size that drives the ball mill is 1000-5000 HP.

Primary air is injected in the mill at both ends. This primary air is heated to
provide a drying function. The primary air is the transportation means to lift the pul-
verized coal from the pulverizer outlet ductwork to the classifiers. A photo of a clas-
sifier is shown in the Figure 3.11. The function of the classifier is to allow the finer
particles of coal to leave the classifier via the coal pipes and to be transported to the
furnace burners. The larger particles of coal that require further processing are sep-
arated in the classifier and returned to the pulverizer for further processing. Steam
lines are supplied to the classifier and mills for inerting functions. This is intended to
minimize the risk of a coal fire in the mill or classifier.

Another type of coal pulverizer is the roll wheel pulverizer that is shown in
Figure 3.12. In this equipment, the coal enters the mill from the feeders and falls onto
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Figure 3.11 Coal classifier.

the yoke or grinding table. The grinding table is rotated in the mill and the coal is
pulverized between the yoke and the roll assembly. The spring loading system on
the roll assembly maintains the force on the roll assembly to pulverize the coal. The
pulverized coal is then transported from the grinding area to the classifier on top of
the mill via primary air that enters through the windbox.

The function of the classifier is to allow the finer particles of coal to leave the
classifier in the coal pipes and to be transported to the furnace burners. The larger
particles of coal that require further processing are separated in the classifier and
returned to the mill for further processing. A typical spindle from a mill grinding roll
assembly is shown in the Figure 3.13.

COOLING TOWERS

A closed loop cooling system is necessary to remove the waste heat that is generated
in the equipment in the electric utility generation station. Examples of equipment
that may require cooling water are excitation rectifiers, lube oil coolers, and any large
TEWAC (totally enclosed water to air cooled) motors. Additionally, some condensate
cooling systems may utilize “helper” cooling towers to minimize the temperature of
the condenser cooling water before it is returned to the environment. The heat energy
that is picked up by the cooling water system from this plant equipment has to be
released at some point in the cooling system. This is the function of cooling towers.
Cooling towers are basically water-to-air heat exchange systems. There are many
designs in use and some of the more common systems are described below.

In a typical counter-flow (forced circulation) cooling tower arrangement,
heated cooling system water enters the tower and is discharged vertically down
through spray headers in the tower and falls into a basin. The spray headers
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Figure 3.12  Vertical spindle coal mill arrangement. Source: Reproduced with permission of
SAS Global Corporation.

effectively increase the surface area of the water allowing for enhanced heat transfer
to the air stream. Air enters the bottom of the tower and flows vertically up through
the spray system, thus the name counter flow. The fan motor is located at the top of
the tower to force the airflow through the water stream.

A more common arrangement is the double cross flow cooling tower arrange-
ment. In a double cross flow (forced circulation) cooling tower arrangement, heated
cooling system water enters the tower and is discharged vertically down across a
“splash fill” or louvers. The louvers increase the surface area of the water, allowing
for enhanced heat transfer to the air stream. The louvers also increase the amount of
time the water is exposed to the air, further enhancing the heat transfer capability of
the system. Air enters the side of the tower and flows horizontally across the louvers.
This is where the “cross flow” name comes from. The fan motor is located at the top
of the tower to force the airflow through the water stream.
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Figure 3.13  Vertical spindle coal mill roll assembly.

Both the counter flow and cross flow designs are forced air-cooled. Forced air-
cooled means there is a motor-driven fan to drive the air through the cooling tower.
Alternately, there is a natural draft cooling tower. The way the natural draft tower
works is that cooler air is allowed to enter the bottom of the tower. The hot water
is sprayed in a counter flow fashion across fill that allows for long residual time for
heat exchange between cool air and hot water. Energy is transferred from water to
air (equation 3.1). The heated air is now less dense than cooler air at the bottom of
the tower and on the outside of the tower. As such, the less dense heated air inside
the tower is forced to rise in the tower from the more dense cooler air at the bottom
of the tower. This is the force causing natural circulation of air in the cooling tower.
Additionally, the natural draft cooling tower has a hyperboloid or inwardly curved
shape where the diameter reduces as the warmed air approaches the top of the tower.
The hyperboloid shape provides structural strength and reduces the cross-sectional
air path as the elevation of the tower increases. Assuming a constant mass flow rate,
as the diameter reduces at the upper level of the tower, the speed of the warmed air
begins to increase. Therefore, the speed of the air at the top of the tower is greater
than the speed of the air just above the water sprays helping to assist with the natural
circulation process.

Just as in the study of thermodynamics, we can look at the amount of mass and
energy entering the cooling tower and this must equal the amount of mass and energy
leaving the cooling tower due to the laws of conservation of energy and mass. The
energy entering the cooling tower consists of two streams. The two streams consist
of the cool air entering at a lower temperature and the cooling water entering the
tower at a warmer temperature. The energy leaving the cooling tower consists of three
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streams. The three streams consist of the heated air leaving the cooling tower, the
cooler cooling water leaving the tower, and the steam (from the water side) that was
generated during latent heat transfer and leaves the cooling tower in the air stream.
The energy (or heat) balance equation is defined by equation (3.1).

Energy gained by air = Energy lost by water 4+ Energy lost by evaporation.

G Ah=LAt+ G AH (1, — 32) 3.1

where

G = mass flow air

Ah = change in enthalpy
L = mass flow water

t = temperature

AH = change in humidity ratio

We control the airflow through the cooling tower and the feedback parameter
we use for the control loop is the water out temperature (cold water from the tower)
as this is cooling water to equipment and we want to maintain a steady cooling water
temperature to this equipment. The ability of a cooling tower to remove the heat
energy from the water is based on equation (3.1). This equation uses the concept of
energy conservation. The left side of the equation is the energy (change in enthalpy
X mass flow rate) gained by the air in the exchange process. The right side of the
equation is the energy given up by the water side and this has two parts. The first part
is the sensible heat transfer (heat transfer that results in a change in temperature) as
the water temperature drops. The second part is due to the latent heat transfer (heat
transfer that results in a change of phase) as the water evaporates. The evaporation
process is dependent on the “wet bulb” temperature, not “dry bulb” temperature. This
is the reason for the humidity ratio (H) term in equation (3.1) to convert the dry bulb
temperature measured and used in the equation to the wet bulb temperature.

We control the amount of heat exchange between the water stream and the
air stream by controlling the airflow stream. We could use flow control of the water
stream, but that could possibly result in restricting the water flow. The concern about
using the water flow for temperature control of the cold water temperature out of the
cooling tower is that we do not want to starve equipment in the facility for cooling
water. By controlling airflow, we do not put restrictions on the water flow through
the plant equipment. The feedback signal for control is the water system output (cold
side) temperature.

The “wet bulb” temperature is simply a means of defining the amount of humid-
ity in the air at a certain temperature. The wet bulb temperature is an experimentally
determined value. It is determined by taking a wet cloth and wrapping it around a mer-
cury temperature bulb, and then air is forced across it with some amount of humidity
in the air. Some of the water in the cloth will evaporate, and with this evaporation,
some heat transfer occurs. This heat transfer results in a lower temperature in the
thermometer after the water evaporates due to latent heat transfer which is a measure
of the amount of energy removed by the evaporation process.
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At 100% humidity, evaporation cannot occur since the air is already in satura-
tion conditions. Since evaporation does not occur, at the 100% humidity point, the
dry bulb and wet bulb temperatures are the same. At 0% humidity, evaporation easily
occurs and the maximum amount of heat transfer occurs resulting in the most reduc-
tion from dry bulb temperature to wet bulb temperature. Therefore, the wet bulb tem-
perature is lower than the dry bulb temperature by the largest amount at 0% humidity.
A chart comparing “wet bulb” temperature to “dry bulb” temperature is shown in the
simplified psychometric chart shown in Figure 3.14.

Example 3.1 Given a dry bulb temperature of 70°F and a relative humidity ratio of
40%, determine the wet bulb temperature.

Solution:  Using Figure 3.14, find the value of 70°F dry bulb temperature on the
horizontal axis. Then find the humidity curve of 40%. Find the intersection for these
two points and the diagonal wet bulb temperature that is associated with these two
points is found to be about 56°F.

GLOSSARY OF TERMS

* Air Preheater — Heat-transfer apparatus through which air is passed and heated
by a media of higher temperature, such as the products of combustion or steam.
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Attemperator — Apparatus for reducing and controlling the temperature of a
superheated vapor or of a fluid.

Balanced Draft — The maintenance of a fixed value of draft in a furnace
at all combustion rate by control of incoming air and outgoing products of
combustion.

Boiler — A closed vessel in which water is heated, steam is generated, steam
is superheated, or any combination thereof, under pressure or vacuum by the
application of heat from combustible fuels, electricity, or nuclear energy.

Damper — A device for introducing a variable resistance of regulating the vol-
umetric flow of gas or air.

Deaerating Heater — A type of feedwater heater operating with water and steam
in direct contact. It’s designed to heat the water and to drive off oxygen.

Downcomer — A tube or pipe in a boiler or water wall circulation system
through which fluid flows downward between headers.

Forced Draft (FD) Fan — A fan supplying air under pressure to the fuel burning
equipment.

Gas Recirculation (GR) — The reintroduction of part of the combustion gas at
a point upstream of the removal point, in the lower furnace for the purpose of
controlling steam temperature.

Header — A distribution pipe supplying a number of smaller lines tapped off of
it. A main receiving pipe supplying one or more main pipe lines and receiving
a number of supply lines tapped into it.

Mud or Lower Drum — A pressure chamber of a drum or header type located
at the lower extremity of a watertube boiler convection bank which is normally
provided with a blow-off valve for periodic blowing off of sediment collecting
in the bottom of the drum.

Primary Air (PA) — Air introduced with the fuel at the burners.

Pulverizer — A machine which reduces a solid fuel to a fineness suitable for
burning in suspension.

Steam Drum — A pressure chamber located at the upper extremity of a boiler
circulatory system in which the steam generated in the boiler is separated from
the water and from which steam is discharged at a position above a water level
maintained there.

Steam Quality — The percentage by weight of vapor in a steam and water
mixture.

Tangential Firing — A method of firing by which a number of fuel nozzles are
located in the furnace walls so that the centerlines of the nozzles are tangential
to a horizontal circle. Corner firing is usually included in this type.

Tertiary Air — Air for combustion supplied to the furnace to supplement the
primary and secondary air.

Water Tube Boiler — A boiler in which the water or other fluid flows through the
tubes and the products of combustion surround the tubes. This kind of boiler is
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mainly used for high pressure steam (utility application) but also can be used
to produce low pressure steam (industrial application).

* Water Wall — A row of watertubes lining a furnace or combustion chamber,
exposed to the radiant heat of the fire, used to protect refractory and to increase
capacity of the boiler.

PROBLEMS
3.1 In a balanced draft boiler, the —_ fan is used to control boiler pressure
(vacuum).

3.2

3.3

34

3.5

3.6

A. forced draft

B. induced draft

C. primary air

D. gas recirculation

In a balanced draft boiler,the ______ is used to control the fuel flow.
A. primary air fan

B. forced draft fan

C. induced draft fan

D. pulverizer

Given a wet bulb temperature of 55°F and a relative humidity ratio of 0%, determine the
dry bulb temperature.

The furnace of the boileris where |

A. coalis ground or pulverized

B. water is converted to steam

C. fuel and air is mixed and combusted

Complete this sentence:
In an HRSG, the superheater approach temperature is the difference in tempera-

ture between the gas the section and the steam
the section of the steam generator.
A. entering, superheater, leaving, superheater

=

leaving, superheater, entering, superheater

Q

entering, economizer, leaving, economizer

&

leaving, economizer, entering, economizer

=

entering, evaporator, leaving, evaporator

=

leaving, evaporator, entering, evaporator

Complete this sentence:

In an HRSG, the economizer approach temperature is the difference in tempera-

ture between the gas the section and the steam
the section of the steam generator.

A. entering, superheater, leaving, superheater

B. leaving, superheater, entering, superheater
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entering, economizer, leaving, economizer

leaving, economizer, entering, economizer

m o0

entering, evaporator, leaving, evaporator

=

leaving, evaporator, entering, evaporator
3.7 What is the function of a classifier?

3.8 Complete this sentence:
A downcomer is a tube or pipe in a boiler throughwhich ___ flows down-
ward.

A. primary air
coal

fluid or water

o 0w

. secondary air
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CHAPTER 1

FOSSIL FUELS AND THE BASIC
COMBUSTION PROCESS

GOALS

* To identify the three elements of the combustion process

* To identify the various combustion reaction equations and the amount of heat
of combustion released for each reaction

* To calculate the molecular weights of various elements

¢ To calculate the stoichiometric quantity of air necessary for complete combus-
tion

¢ To understand the basic integrated gasification combined cycle (IGCC) process

* To be familiar with the various types of fuels utilized for chemical combustion

THE PROCESS of combustion requires three items: (1) a combustible fuel
containing a certain amount of available energy that can be released during the com-
bustion process, (2) oxygen in sufficient quantity to ensure complete combustion (and
the volume residence time required for complete combustion), and (3) a heat source.
This is commonly called the fire triangle as shown in Figure 4.1.

Below we will discuss the combustible fuel and the oxidizing agent (air) as
they pertain to the typical fossil fuel steam generator. The heat source was discussed
in Chapter 1: Electrical Safety, under section Boiler Control and Burner Management,
in the subsection on ignitors.

COMBUSTIBLE FUEL

The two most common types of fossil fuels utilized for electricity generation are
natural gas and coal as shown in Figure 4.2.

We will focus our attention on the most common fuel, coal, but the science is
similar for the various fuels as they all are combusting one or more elements in a

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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g
%
) ‘?,
oy . \®
Combustion \%,
\

Heat source

Figure 4.1 Fire triangle. Source: Reproduced with permission of Department of Energy
(DOE) Fundamentals Handbook.

redox (oxidation-reduction) reaction to release the chemically stored energy in the
fuel. For coal, the main components are carbon, sulfur, and hydrogen. When carbon
is mixed with a sufficient amount of air containing oxygen for a long enough period of
time and is completely combusted, it provides 14,100 BTU/Ibm of carbon combusted
and it releases carbon dioxide CO, gas as shown in Table 4.1 in the first row.

Carbon dioxide is an inert gas and cannot be combusted to release any further
chemical energy. When carbon is combusted, if the amount of oxygen is insufficient
for complete combustion, then carbon monoxide (CO) gas is released as is shown
in the reaction column of Table 4.1 in the second row. Unlike carbon dioxide, car-
bon monoxide can undergo further combustion reaction with oxygen to release more
energy and release carbon dioxide (CO,) gas as is shown in the reaction column of
Table 4.1 in the third row.

Table 4.1 shows the combustion equations for various types of elements con-
tained in fossil fuels. It also shows the theoretical maximum amount of energy
released for one pound mass of element combusted.

Example 4.1 What is the amount of energy released when 10 Ib of carbon is com-
pletely combusted releasing CO,?

Solution:  From Table 4.1, the energy released per pound mass for the complete
combustion of 1 Ibm of carbon is 14,100 BTU/Ibm. The total energy released is the

product of the energy per pound mass multiplied by the mass of material combusted.

E = 14,100 BTU/Ibm X 10 1bm
E = 141,000 BTU

OXYGEN

As shown in the fire triangle, combustion requires oxygen. The most abundant source
of oxygen is air, but air is a combination of different elements. The composition of air
by percent weight and percent mass and the molecular weights of these constituents
are shown in Table 4.2.

From Table 4.2, percent volume is a measure of the percentage of volume of air
that a particular element makes up. Molecular weight is a measure of the mass of the
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TABLE4.1 Selected Values for Heat of Combustion

Molecular Heat Release
Combustible — Resultant Weight Reaction (BTU/lbm)
Carbon — carbon dioxide 12 C+0, - CO, 14,093
Carbon — carbon monoxide 12 2C+ 0, = 2CO 8694
Carbon monoxide — carbon dioxide 28 2CO + 0, — 2CO, 19,506
Hydrogen — Water 2 2H, + O, — 2H,0 61,000
Sulfur — sulfur dioxide 32 S+ 0, - SO, 3983
Hydrogen sulfide — sulfur 34 2H,S + 30, — 2§, + 2H,0 7100
Methane — carbon dioxide 16 CH, + 20, — CO, + 2H,0 23,900
Ethane — carbon dioxide 30 2C,H¢ + 70, — 4CO, + 6H,0 22,300
Propane — carbon dioxide 44 C;Hg + 50, — 3CO, +4H,0 21,500
Butane — carbon dioxide 58 2C4H;, + 130, — 8CO, + 10H,0 21,300
Pentane — carbon dioxide 72 CsH,, + 80, = 5CO, + 6H,0 22,000

Source: Black & Veatch, 1996. Reproduced with permission of Springer.

element contained in air. Since there are a certain number of moles of oxygen needed
to completely combust a certain number of moles of a particular type of molecule,
molecular weight is utilized in combustion calculations and not the volume. Molec-
ular weight is the mass of one molecule normalized to 1/12 of the mass of carbon
which has by definition a molecular weight of 12.011 (reference Table 4.3 for the
periodic table of elements).

Example 4.2 What is the molecular weight of methane (CH,) in moles?

Solution:  One molecule of methane (CH,) consists of one carbon (C) and four
hydrogen (H,) atoms. One carbon (C) atom has a molecular weight of 12. Four hydro-
gen atoms (H,) have a total molecular weight of 4 X 1 = 4. The total molecular weight
for a methane molecule is the sum of the individual components or 12 + 4 = 16 moles.

From the fundamental combustion equations provided in Table 4.1, for any par-
ticular element or molecule used for a fuel source, the reaction process takes a certain
number of fuel molecules to combine with a certain number of oxygen molecules
to completely combust and release the energy available along with the products of
combustion. We can multiply the number of molecules by the molecular weight of
the material to determine the mass of the material used for fuel. Using this, we can

TABLE4.2 Fundamental Composition of Air

Component Volume (%) Molecular Weight ~ Weight (%)

Nitrogen 78.09 28.016 19.5
Oxygen 20.95 32 222
Argon 0.93 39.944 27.7
Carbon dioxide 0.03 44.01 30.6

Source: Black & Veatch, 1996. Reproduced with permission of Springer.



PERIODIC TABLE

Atomic Properties of the Elements

TABLE 4.3 Periodic Table of the Elements
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determine the mass of oxygen, and therefore, the mass of air needed for complete
combustion.

For example, to completely combust carbon and release carbon dioxide, from
Table 4.1, the chemical reaction equation is

C+02—)C02

It takes one molecule of carbon (C) and one molecule of oxygen (O,) to com-
pletely combust the carbon. From Table 4.1, one molecule of carbon (C) has a molec-
ular weight of 12. This can also be found in the periodic table of elements in Table
4.3. In the periodic table, each element displays the molecular weight of the element
just under the name of the element.

For example, from Table 4.3 a molecule of oxygen (O,) has a molecular weight
of 32 as each oxygen atom (O) has a molecular weight of 16 and there are two oxygen
atoms (O) that make up an oxygen molecule (O,). The mass ratio is the same regard-
less of whether we are talking about moles or pounds. From the reaction equation
above, we see we need 12 moles of carbon (C) for 32 moles of oxygen (O,). We can
restate this to say that, to completely combust 12 Ib of carbon (C), it requires 32 1b of
oxygen. Normalizing this to 1 b of carbon, we can state that to combust one pound
of carbon (C), it requires 32/12 or 2.667 Ib of oxygen (O,).

As stated above, since oxygen constitutes about 23% of air, by mass, if we
divide the mass of oxygen required by 23%, we find the mass of air needed to sup-
ply sufficient oxygen needed for complete combustion. In this example, we needed
2.66 1bm of oxygen (O,). Therefore, we will need 11.6 Ibm of air (2.667 Ibm O, /
23% = 11.6 lbm air) to provide the minimum amount of oxygen required to com-
pletely combust 1 1bm of carbon. Therefore, it takes 11.6 lbm of air to completely
combust 1 Ibm of carbon and release carbon dioxide. This is an example of the method
to calculate the “stoichiometric” quantity of air or theoretical air for complete com-
bustion of fuel. Table 4.4 summarizes the “stoichiometric” quantity of air necessary
for various elements as determined by the above process.

Example 4.3 To completely combust 100 Ibm of Pentane (CsH;,) gas requires how
much minimum oxygen in pounds?

Solution:  From Table 4.4, the ratio of pounds of pentane (CsH;,) to pounds of
oxygen is 4.27/1.
Multiplying the mass of fuel by the ratio of oxygen to fuel give us

Pounds oxygen = 3.55 pounds of oxygen/1 pound of pentane
X 100 pounds of pentane

Pounds oxygen = 355 pounds of oxygen
Therefore, to combust 100 1b of Pentane (CsH|,) gas requires, at minimum,

355 1b of oxygen.

Example 4.4 To completely combust 100 Ib of Pentane (CsH;,) gas requires how
much minimum air in pounds?
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Solution:  From Table 4.4, the ratio of pounds of Pentane (CsH;,) to pounds of air
is 15.43/1.
Multiplying the mass of fuel by the ratio of air to fuel give us

Pounds oxygen = 15.43 pounds of air/1 pound of Pentane X 100 pounds of pentane
Pounds oxygen = 1543 pounds of air

Therefore, to combust 100 1b of pentane (CsH,,) gas requires, at minimum,
1543 1b of air.

Example 4.5 Given that your fuel is pure carbon. Further assume that you com-
pletely combust the carbon via the following reaction and the only byproduct of the
combustion process is carbon dioxide.

C+02—>C02

How much CO, is released for 1 kWh of electrical energy delivered? Assume
a net plant heat rate of 10,000 BTU/kWh for your calculation. Further, assume that
the only chemical process is the complete combustion of carbon and the emission is
pure CO,.

Solution:  Starting with what is given, we are generating 1 kWh of energy and given
the heat rate of the plant, this means we need to burn enough carbon to obtain 10,000
BTU of energy.

Chemical energy = Electrical energy X heat rate
Chemical energy = 1 kWh x 10,000 BTU/kWh = 10,000 BTU

Now we need to find out how much carbon it takes to obtain 10,000 BTU energy
input. From Table 4.1, if we burn one pound of carbon, we release 14,093 BTU of
energy (Table 4.1). Therefore, the amount of carbon we need to combust for a release
of 10,000 BTU is

Carbon = 10,000 BTU /(14,093 BTU/lbm) = 0.7095 Ibm carbon

From Table 4.4, for every molecule of carbon combusted, we release one
molecule of CO,. From the periodic Table, the molecular weight of carbon is 12.011
moles and this releases one mole of carbon dioxide with a molecular weight of 1 X
12.011 + 2 X 15.999 = 44.009 moles of carbon dioxide. The molecular ratio of car-
bon dioxide to carbon is 44.009/12.011 = 3.664. We can use this ratio to determine
the amount of CO, released when we combust 0.7092 1bm of carbon.

CO, = 0.7095 Ibm carbon/(1 Ibm C/3.664 1bm CO,) = 2.6 Ibm CO,

Therefore, to produce 1 kWh of energy, we release 2.6 Ibm of carbon dioxide
when combusting pure carbon.

It is worth mentioning from the discussion above that, if the heat rate of the
plant is improved (i.e., we have a lower BTU/kWh value), then it takes less BTU to
generate 1 kWh of energy. Reducing the amount of BTU required means we burn
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less carbon, which in turn means we produce less CO, for the same kWh generated.
This leads to a more environmentally friendly plant (as well as reduced fuel cost per
kWh).

The above example is an ideal case. It made two assumptions to simplify the
calculation. First assumption was that the fuel was completely carbon. This is never
the case as fossil fuels are a combination of elements. For example, there are many
combustibles in coal, but the three highest in quantity are carbon, hydrogen, and sulfur
(in that order). Also, there are many non-combustibles that add to the weight of the
coal, but not the BTU content. This adversely affects the BTU/Ibm heating value
of the coal. Additionally, there is the moisture content that adds to the weight and
actually takes away from the BTU content. Different types of coal that are obtained
from different regions have different mixtures of these materials, so the BTU per Ibm
(heating value) of coal varies greatly. This is why sampling of the BTU value of coal
is important to determining its heating value. The second assumption was that we
completely combusted all the carbon and the only byproduct was carbon dioxide.

Lastly, in practical application, the “stoichiometric” quantity of air for complete
combustion of fuel is controlled by monitoring for one of two gases in the exhaust
gas of the boiler. The first method is to monitor for the amount of oxygen or O,. If
the amount of secondary air is less than necessary for complete combustion, then the
value of O, will be low and the amount of CO will be high. If the amount of secondary
air is more than necessary for complete combustion, then the value of O, will increase.
This method works well in pressurized boilers but may suffer in balanced draft boilers
due to air-in leakage at the boiler. Balanced draft boilers operate at a slightly negative
pressure. Any openings in the boiler between the furnace and the point where O,
probes are installed would cause the reading of the O, probes to read a higher value
of O, than what actually exists as a byproduct of combustion. Another method for
monitoring for the “stoichiometric” quantity of air for complete combustion of fuel is
by monitoring the amount of CO. This method does not suffer from errors due to air in
leakage in balance draft boiler designs. The combustion air is controlled to maintain
the amount of CO at a small amount dependent upon the design of the combustion
system.

FOSSIL FUELS

Referring to Figure 4.2, the two most used common fossil fuels in a power generation
facility are coal and natural gas. Fossil fuels are formed by the decomposition of
organics (materials that contain carbon) over millions of years. The main combustible
material in fossil fuel that is used to obtain chemical energy is carbon, although other
molecules such as hydrogen and sulfur may provide some amount of energy during
the combustion process. As of 2013 in the United States, about 46% of fossil fuel
used in power generation facilities is coal, 20% is natural gas, and about 1% is fuel
oil. Fossil fuels are considered as nonrenewable resources due to the fact that their
formation takes millions of years. Renewable resources are defined as resources that
can be formed in a short period of time.
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There are environmental concerns with the combustion of fossil fuels. Fossil
fuels are carbon-based and, as such, the combustion of fossil fuels releases carbon
dioxide (CO,). In Chapter 4 on combustion, we covered the combustion equations
that show that the complete combustion of carbon-containing fuels releases carbon
dioxide (CO,) into the environment. Carbon dioxide (CO,) has been identified as
a greenhouse gas and a significant change in the amount of carbon dioxide (CO,)
in the atmosphere can cause adverse effects. (Reference the section on gasification
where the process of carbon sequestration is discussed.) There are fuels that do not
contain carbon and, as a result, they do not emit carbon dioxide (CO,). Hydrogen
is one of these elements where the combustion of hydrogen results in water vapor
(H,0).

Also, coal has the disadvantage of requiring a great deal of handling and pro-
cessing before it can be combusted in the furnace of a boiler. However, it has the
advantage of being able to be stored in large quantities locally at the power genera-
tion facility. A typical power generation facility coal field will be able to store 3 to 4
months’ worth of coal onsite. This enhances the reliability of the power generation
facility operations as it makes the power generation facility less dependent on the
availability of fuel transportation. Should the supply of coal be interrupted, the plant
can continue to operate for several months before the need for more shipments of
coal would interfere with plant operations. Oil, similarly, can be stored on site, but
in smaller quantities. Instead of months of fuel being able to be stored in the case
of coal, for fuel oil, the quantity is several days, up to several weeks where multiple
storage tanks are maintained on the power generation facility. Natural gas is utilized
as it is delivered. Therefore, an interruption to the natural gas delivery system forces a
loss of the generation capability that uses natural gas for its energy source. However,
from an environmental standpoint, the combustion of natural gas results in reduced
emissions when compared with the emissions of fuel oil and coal.

Coal Gasification

While the typical coal plant pulverizes the coal and then delivers it to the furnace
for combustion of the carbon content, another method for combustion of coal is coal
gasification. This is known as a “clean coal” technology as it has the ability to strip
the carbon and other materials from coal and deliver pure hydrogen to the combustion
turbine for the combustion process. The byproduct of combustion of hydrogen is pure
water. A typical Integrated Gasification Combined Cycle (IGCC) process is shown
in Figure 4.3.

In this process, the coal is milled and then mixed with water and delivered to
a preliminary combustion chamber called a “gasifier.” Pure oxygen is admitted to
the gasifier and the coal slurry and oxygen (O,) are partially combusted to release
the two main combustible elements that are of interest, carbon monoxide (CO) and
hydrogen (H,). The chemical reaction that generates the carbon monoxide (CO) and
hydrogen (H,) molecules is shown below. First, the carbon and oxygen are combusted
to generate carbon dioxide as shown by equation (4.1).

C+ 02 - C02 + Heat (41)
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Integrated gasification
€ .01y combined cycle process
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Figure 4.3 Integrated gasification combined cycle (IGCC) process. Source: Reproduced
with permission of Tampa Electric Company.

The thermal energy or heat generated in the reaction described by equation

(4.1) is then used to convert carbon dioxide into carbon monoxide as shown equation
4.2).

C + CO, + Heat — 2 CO 4.2)

Additionally, the thermal energy or heat generated in the reaction described by
equation (4.1) is also used to convert carbon in the coal and water in the slurry mixture
into hydrogen and carbon monoxide as shown in equation (4.3).

C + H,0 + Heat — H, + CO (4.3)

The partial combustion of carbon to carbon monoxide releases some energy
and this energy is recovered using heat exchangers to generate steam. This steam
cycle is known as the bottoming cycle or Rankine cycle. This steam is then sent to
a steam turbine to convert this thermal energy into mechanical energy in the turbine
and, finally, into electrical energy in the generator.

This mixture of carbon monoxide (CO) and hydrogen (H,) is called synthetic
gas or simply “syn-gas.” This combustible gas is then delivered to a combustion
turbine to transfer the chemical potential energy of the carbon monoxide (CO) and
hydrogen (H,) into the mechanical energy needed to drive the generator connected
to the combustion turbine. This combustion cycle is known as the topping cycle or
Brayton cycle.
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However, the syn-gas can be further refined to “capture” the carbon and gen-
erate pure hydrogen. Referencing Table 4.1, you will see that both carbon monoxide
(CO) and hydrogen (H,) have a substantial amount of BTU content available, but the
energy released for one pound of hydrogen is substantially greater than the energy
released for one pound of carbon monoxide. Referencing Table 4.1, one pound of
carbon (C) releases 14,100 BTU of energy, but one pound of hydrogen (H,) releases
61,000 BTU of energy. Additionally, capture of the carbon before combustion pre-
vents carbon dioxide from being released during the combustion process.

Further processing of the carbon monoxide (CO) with water (H,O) can convert
these two molecules into carbon dioxide and hydrogen, resulting in the final com-
bustible element of hydrogen (H,). The chemical equation that achieves this conver-
sion is known as a water gas shift reaction and is shown equation (4.4).

CO + H,0 - CO, + H, (4.4)

Now, only the hydrogen is sent to the combustion turbine and, as a result of
the combustion of hydrogen molecules, the emissions of the combustion turbine are
only water (H,O). The combustion turbine spins another generator to convert this
mechanical energy into electrical energy. The resultant carbon dioxide from the reac-
tion described by equation (4.4) may be stored (called carbon sequestration). The
water gas shift reaction process makes gasification a technology of interest in the abil-
ity to strip or clean the carbon from the coal and only deliver hydrogen compounds to
the combustion turbine, thereby eliminating the generation of carbon dioxide (CO,)
in the emission of the combustion turbine and allowing for the removal and long-term
storage of the carbon dioxide. This is commonly known as “clean coal technology.”

Additionally, during the gasification process, the other elements such as sul-
fur and mercury are stripped from the coal. The sulfur can be processed to create a
marketable side product of sulfuric acid which is utilized in many industries.

NATURAL GAS

Natural gas is composed mostly of methane (CH,) and ethane (C,H) and a few other
hydrocarbons. One of the greatest advantages of natural gas over fuel oil and coal
as an energy source for power generation is that the emissions produced by natural
gas have lower values of regulated sources than fuel oil or coal. Oil and coal both
contain some amount of sulfur. Combustion of oil or coal results in the formation of
sulfur dioxide (SO,). Since the main constituents of natural gas do not contain sulfur
(S), the combustion of natural gas does not produce sulfur dioxide as a byproduct
of combustion. The largest disadvantage to natural gas for an energy resource is the
inability to store large quantities of natural gas onsite at the power generation facility.
In instances where onsite storage is not possible, the generation is dependent on the
immediate delivery of the natural gas at the time of consumption.

Natural gas is found in deep underground rock formations or associated with
other hydrocarbon reservoirs in coal beds. It is found in the same vicinity as oil
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deposits. Natural gas pulled from the ground contains many impurities and is pro-
cessed to remove all the other materials except for the hydrocarbons such as propane,
butane, pentane, sulfur, and carbon dioxide. Natural gas is a colorless and odorless
media. Additives are utilized to give the gas the “rotten egg” odor to help with detec-
tion of gas leaks for safety reasons.

Natural gas is the second most common fossil fuel utilized in electric power
generation. The most common application is to drive combustion turbines utilizing
the Brayton thermodynamic cycle, but alternately, some boilers utilize natural gas
in their furnace sections to generate the heat needed to drive the thermal Rankine
cycle. Utilization of natural gas to drive a combustion turbine especially when utiliz-
ing a heat recovery steam generator is more efficient than combustion of natural gas
in a boiler. The higher efficiency of natural gas combined cycle combustion turbine
plants results in less carbon combusted for a given value of electrical energy (kWh)
produced, which leads to a reduction of carbon dioxide released by combined cycle
combustion turbine plants than coal-fired boiler plants.

For reduced emissions, natural gas is preferred over fuel oil and coal technolo-
gies. It produces less carbon dioxide (CO,) than other fuels and has very low sulfur
content, so the amount of sulfur dioxide (SO, ) is also reduced. Another emission from
the combustion of fossil fuels with air is the formation of nitrogen monoxide (NO)
and nitrogen dioxide (NO, ), which is more commonly known as NO, formation. The
amount of NO, is controlled using both pre- and post-combustion processes. For more
information on emission controls, please reference Chapter 26 on emission controls.

FUEL OIL

The popularity of fuel oil for a fuel for electric generation has decreased over the
years, but it is still popular as an ignition fuel when starting and shutting down a boiler.
This is mostly due to the fact that oil can be stored for long periods onsite until needed
for startup and shutdown. Also, since oil is in liquid form, the equipment necessary
to handle the oil is simply a forwarding pump, piping, and associated control valves,
so handling of the oil to transport it to the furnace section is simple.

Fuel oil is a distillate of petroleum oil. When petroleum oil is received, it is pro-
cessed into various distillates, gasoline, diesel oil, fuel oil, and others. The American
Society for Testing and Materials (ASTM) has six classifications of fuel oil qual-
ity utilizing parameters such as viscosity, ignitability, and vaporization temperature
numbered 1 through 6. The vaporization temperature (the temperature at which the oil
will begin to evaporate at atmospheric pressure) increases with increasing numbers.
The viscosity also decreases with increasing temperatures. When fuel oil is injected
in the combustion chamber, it is atomized to increase the surface area of the fuel oil
and ensure complete combustion during the combustion process. An atomizing air
compressor is used to provide the air pressure required to inject the fuel oil into the
combustion chamber.

Fuel oils with higher viscosity atomize less efficiently. This leads to less surface
area exposed in the combustion section. To ensure adequate atomization, the fuel oils
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that have a higher viscosity are heated to reduce the viscosity prior to the fuel oil
entering the combustion chamber. Additionally, oils with higher viscosity will be
injected into the combustion chamber with high pressure air that atomizes the oil to
increase the surface area of the oil and ensure complete combustion of the oil. The
following is a description of the ASTM numbering system.

ASTM # 1 fuel oil has a low vaporization temperature and low viscosity. It is
intended for stove and range type burners.

ASTM # 2 fuel oil has a slightly higher vaporization temperature. It is most
commonly used for home heating oil applications.

ASTM # 3 fuel oil is no longer manufactured, but was used where low viscosity
fuel oil was required. This grade of oil has been merged with ASTM #2.

ASTM # 4 fuel oil viscosity is greater than ASTM # 1 through #3, but it can still
flow without the assistance of heating. Applications for ASTM # 4 included
industrial and commercial heating applications where the system requires
the oil to flow at low temperatures.

ASTM # 5 fuel oil’s (also known as Bunker B oil) viscosity is greater than
ASTM #4 and, as such, it requires preheating to allow for proper atomization
of the oil in the combustion chamber. The amount of preheating is between
160°F and 220°F. Due to the requirement for preheating, this oil is normally
used by large industrial facilities and power generation facilities.

ASTM # 6 fuel oil (also known as residual fuel oil (RFO) or Bunker C) has
the highest of the six classifications. The amount of preheating to allow for
proper atomization of the oil in the combustion chamber is between 220°F
and 260°F. Due to the requirement for preheating, this oil is normally used
by large industrial facilities and power generation facilities.

Example 4.6 Which ASTM number oil is also known as Bunker B 0il?
Solution:  ASTM #5 fuel oil.

Example 4.7 What is the temperature range required to preheat ASTM #6 fuel oil
at to ensure adequate viscosity?

Solution:  Typical preheat is between 220°F and 260°F

GLOSSARY OF TERMS

* ASTM # 1 fuel oil has a low vaporization temperature and low viscosity.
* ASTM # 2 fuel oil has a slightly higher vaporization temperature.
* ASTM # 3 fuel oil is no longer manufactured.
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ASTM # 4 fuel oil has a viscosity greater than ASTM # 1 through #3, but it can
still flow without the assistance of heating.

ASTM # 5 fuel oil has a viscosity greater than ASTM #4 and requires preheat-
ing between 160°F and 220°F. This is also known as Bunker B oil.

ASTM # 6 fuel oil has the highest viscosity of the six classifications and
requires preheating between 220°F and 260°F. It is also known as residual fuel
oil (RFO) or Bunker C oil.

Ash — The incombustible inorganic matter in the fuel.

Bituminous coal is soft coal that may vary from low to high volatile con-
tent, with calorific values ranging from 10,500 to 14,000 BTU/Ib on a moist,
mineral-matter-free basis. Bituminous coal is prevalent in the eastern United
States.

Boiler — A closed vessel in which water is heated, steam is generated, steam
is superheated, or any combination thereof, under pressure or vacuum by the
application of thermal energy.

British Thermal Unit (BTU) — A BTU is essentially 252 calories or 1055 joules.
The BTU is the amount of energy needed to raise the temperature of one pound
of water by one degree Fahrenheit.

Carbon — An element. The principal combustible constituent of most fuels.

Coal Gasification — The process of partially combusting coal and processing
the resultant elements into a synthetic gas which is normally utilized in a com-
bustion turbine.

Combustion process requires three items, a combustible fuel, oxygen, and an
ignition source.

Complete Combustion — The complete oxidation of all the combustible con-
stituents of a fuel.

Incomplete Combustion — The partial oxidation of the combustible constituents
of a fuel.

Lignite, or brown coal, is the lowest-rank solid coal. Lignite has high mois-
ture content and calorific values of less than 8300 BTU/Ib on a moist, mineral-
matter-free basis. US lignites are found in North Dakota, Montana, Texas, and
other Gulf Coast states.

Nonrenewable Resources — Resources that are considered as nonrenewable
since it takes millions of years to produce the resource. Examples of nonre-
newable resources are coal, oil, and gas.

Sub-bituminous coal is a black coal with calorific values ranging from 8300
to 10,500 BTU/Ib on a moist, mineral-matter-free basis. Sub-bituminous coals
are found in the western United States, primarily in Montana, Wyoming, and
Alaska, with significant additional deposits in New Mexico and Colorado.

Renewable Resources — Resources that are considered as renewable since it
takes a very short amount of time to produce the resource. Examples of renew-
able resources are bio fuels, solar, and wind energy.
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Theoretical Air — The quantity of air required for complete combustion with no
excess oxygen.

Vaporization Temperature — the temperature at which oil will begin to evaporate
at atmospheric pressure.

Viscosity — The state of being thick, sticky, and semifluid in consistency, due
to internal friction.

Waste Heat — Sensible heat in non-combustible gases discharged to the envi-
ronment.

PROBLEMS

4.1

4.2
4.3

44

4.5
4.6

4.7

What is the amount of heat energy released in BTU when 10 Ib of hydrogen is completely
combusted releasing water?

What is the molecular weight of pentane (CsH,,)?

To completely combust 100 b of hydrogen sulfide (H,S) gas requires how much mini-
mum oxygen in pounds?

To completely combust 100 1b of hydrogen sulfide (H,S) gas requires how much mini-
mum air in pounds?

Which ASTM number oil is also known as Bunker C o0il?

What is the temperature range required to preheat ASTM #5 fuel oil at to ensure adequate
viscosity?

What thermodynamic cycle is utilized in an integrated gasification combined cycle
plant?

A. Brayton

B. Rankine

C. Carnot

D. Both Brayton and Rankine

RECOMMENDED READING

ASTM D396: Standard Specification for Fuel Oils, American Society for Testing and Materials, 2015.

Combustion Fossil Power: A Reference Book on Fuel Burning and Steam Generation, 4th edition, Joseph
G. Singer, Combustion Engineering, 1993.

Electric Power Plant Design, Technical Manual TM 5-811-6, Department of the Army, USA, 1984.

The Engineering Handbook, 3rd edition, Richard C. Dorf (editor in chief), CRC Press, 2006.

Power Plant Engineering, Black & Veatch, edited by Larry Drbal, Kayla Westra, and Pat Boston, Chapman
& Hall/Springer, 1996.

Standard Handbook of Powerplant Engineering, 2nd edition, Thomas C. Elliott, McGraw-Hill, 1998.



CHAPTER 5

HYDRAULIC TURBINES

GOALS

¢ To understand the three basic types of hydro-turbine plants: impoundment,
diversion, and pumped storage

¢ To calculate the amount of power, head, or flow developed by a hydraulic turbine

* To understand the three basic types of hydro-turbine unit blade designs: reac-
tion, impulse, and kinetic energy units

O NE OF The oldest methods of driving a prime mover to drive a genera-
tor is the use of the water flowing through a hydraulic turbine. The hydraulic turbine
converts the potential energy associated with a head of water to kinetic energy in the
flow of water and then converts the kinetic energy of the water flow into mechanical
energy. This mechanical energy is transmitted to a generator via the turbine shaft. The
electric generator converts this mechanical energy to electrical energy. Hydraulic tur-
bines rotate at a much slower speed than other turbines using other technologies such
as steam. Therefore, the generators connected to hydraulic turbines are constructed
with a greater number of poles to achieve the same system frequency as other prime
movers based on other technologies. The larger number of poles effects the construc-
tion of the generators such that they tend to be larger in diameter but smaller in length
for the same MW rating when compared with higher speed generators. Design of gen-
erators will be covered in more detail in Chapter 16.

Hydraulic turbines convert the potential energy contained in a head of water
to mechanical energy in the rotor of the turbine. The amount of power transferred is
proportional to the amount of head across the turbine blades and the flow through the
turbine blades. Therefore, if we increase the differential pressure across the turbine
blades (or net head) at the same flow rate, or if we increase flow of water through the
turbine at the same net head, then the amount of power transfer will increase. The
amount of mechanical power available at the turbine shaft is

P=(HxQxn)/8.81 5.1)

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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where

P = turbine output (HP)
H = net head (ft)
Q = turbine discharge (ft3/sec)

n = turbine efficiency
Example 5.1 What is the power developed by a hydraulic turbine if the net head of
water is 100 ft, turbine discharge flow is 1000 ft3/sec, and turbine efficiency is 0.85?
Solution:
P=(HXxQxn)/8.81
P = (100 ft) x (1000 ft>/ sec) x (0.85)/8.81
P =9648 HP

The proportionality laws for hydraulic turbines define the change in power,
speed, and flow in a hydraulic turbine as we change the net head and/or runner diam-
eter. These results are shown in equations (5.2) to (5.4).

P < D*H'” (5.2)
n « H/D (5.3)
Q « D*H'? (5.4)

where

P = turbine output (HP)

D = runner discharge diameter (ft)
n = turbine rotating speed, (rpm)
Q = turbine discharge flow (ft3/sec)
H = net head (ft)

By combining equations (5.2) and (5.4), we find that power is proportional to
flow as shown in equation (5.2a).

PxQ (5.2a)
where

P = turbine output (HP)
Q = turbine discharge flow (ft3/sec)

Therefore, in the application of hydraulic turbines, control of the flow of water
through the turbine will control the amount of mechanical power developed by the
turbine shaft which will, in turn control the amount of electrical power delivered by
the hydraulic turbine generator. Fundamentally, flow control is achieved by the use
of either wicket gates that control the flow to the turbine blades and/or by the use of
variable pitch blades on the turbine rotor.
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Example 5.2 If the power developed by a turbine with a head of 100 ftis 10,000 HP
and the head is reduced to 80 ft, but the runner discharge diameter remains constant,
what is the new HP developed by the hydraulic turbine?
Solution:  Using equation (5.2) we find the relationship

P« D*H'"?

In the problem statement, head is changed, but runner diameter is held constant.
Therefore, D does not change and equation (5.2) simplifies to

P« H'Y
Putting this in equation form, we find
(Py/Py) = (H,/H)'"?
Solving for P,
Py =Py X (H/Hy™/?
P, = 10,000 HP x (100 ft/80 ft)~3/2
P, = 7155 HP

When performing problems of this nature, always make sure that the change is
in the right direction. For example, from Example 5.2, we were given that net head
decreased. Since power is the product of net head and flow, if net head is reduced,
then the power level must be reduced. If, after performing the calculation, the result
does not change in the correct direction, double check your calculation.

Example 5.3 If the speed developed by a turbine with a head of 100 ft is 180 rpm
and the head is reduced to 80 ft, but the runner discharge diameter remains constant,
what is the new speed developed by the hydraulic turbine?
Solution:  Using equation (5.3), we find the relationship

n « H*/D

In the problem statement, head is changed, but runner diameter is held constant.
Therefore, D does not change and equation (5.3) simplifies to

n o« H°
Putting this in equation form, we find
(ny/ny) = (11’1/1"12)1/2
Solving for n,,
ny = ny X (H, /Hy)™'/?
n, = 180 rpm x (100 ft/80 ft)~!/?
n, = 161 rpm
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There are three types of hydropower facilities: impoundment, diversion, and
pumped storage. Of the three types of facilities, the impoundment is the most common
type of facility for an electric generation utility. The impoundment facility utilizes
a large dam to create a water reservoir. This storage of water provides a source of
potential energy. When water is released through the dam, this potential energy stored
by the water in the reservoir is converted to kinetic energy associated with the flow of
the water from a higher potential to a lower potential. This kinetic energy is imparted
on the turbine blades converting the kinetic energy into mechanical energy in the
turbine.

The second type of facility is known as a diversion or a run-of-river facility.
This is where only a portion of the natural river waters is diverted through a canal or
penstock that is in parallel with the natural river run. This diverted water is utilized to
drive the hydraulic turbine. Typically, the net available heads for diversion facilities
are less than those for impoundment facilities and therefore smaller turbine generator
sets are utilized in these applications.

The third type of facility is known as a pumped storage facility. This type of
facility can act as an energy storage facility. During periods of a net surplus of electri-
cal energy in the electrical transmission and distribution system, the pumped storage
facility will draw electrical energy from the electrical grid and pump water from a
reservoir at a lower elevation to another reservoir at a higher elevation. In effect,
the pumping station is taking electrical energy from the grid and storing it in the
form of potential energy in the water. Periods of net surplus of energy on the electri-
cal grid occur during periods of low load, or when generation is high, such as dur-
ing the day time when solar plants are providing energy to the electrical grid and
during windy periods when wind power plants are providing energy to the electri-
cal grid. During periods of time when there is a net deficit of energy available on
the electrical grid, the pumping station can be used to deliver electrical energy to
the electrical grid. During these periods, the water in the higher elevation reservoir
is released through a hydraulic turbine to the lower reservoir and the flow of water
drives a hydraulic turbine which, in turn, drives a generator to convert this potential
energy, to kinetic energy, to mechanical energy, and finally to electrical energy for
distribution.

There are two main types of rotating turbine blade designs: reaction and
impulse. In a hydraulic turbine that uses a reaction turbine blade, in the station-
ary portion of the turbine, the nozzle cross sectional area is reduced as the water
flows through the stationary nozzle. This reduction of cross sectional area converts
the potential energy of the water (pressure) into kinetic energy (velocity). As such,
in the nozzle section of the hydraulic turbine, the pressure drops and the velocity
increases. Then the water imparts its energy onto the rotating blade and the rotating
blade converts the kinetic energy of the water into mechanical energy on the shaft of
the turbine. The runner is placed directly in the water stream flowing over the blades
rather than striking each individually. Reaction turbines are generally used for sites
with lower head and higher flows than the impulse turbines.

The other type of hydraulic turbine is the impulse turbine. The impulse turbine
uses a turbine blade design where the pressure and volume are constant in the rotating
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buckets and velocity decreases, but the water impinges on the rotating bucket blades
and the kinetic energy of the water is converted to mechanical energy in the turbine
shaft. The water flows out of the bottom of the turbine housing after hitting the run-
ner. An impulse turbine is generally suitable for high head, low flow applications.
Most water turbines that are utilized in lower head applications (<100 ft of head)
are reaction turbines. Impulse turbines are often used in very high (>1000 ft) head
applications.

HYDRAULIC REACTION TURBINES

In a reaction turbine, a pressure drop occurs in both fixed and moving blades. There
are four major designs of hydraulic reaction turbines in service. The Francis turbine
(developed by James Francis) is the most common water turbine in use today. A
Francis turbine has a runner with fixed buckets (vanes). This type of hydraulic turbine
uses wicket gates to control the flow of water to the turbine to control the amount of
power that a hydraulic turbine generator delivers to the electrical system. Water is
introduced just above the runner and all around it and then falls through, causing the
turbine rotor to spin. The Francis turbine has one of the widest ranges of applications
for flow and net head. It is utilized for net heads of 40-500 m and for flow rates of
1-1000 m3/sec. This ability to use a wide range of flow and head make the Francis
turbine one of the most utilized designs today in hydraulic reaction turbines. The
Francis turbine has a range of power ratings from 100 kW up to 1000 MW.

The Kaplan turbine (developed by Viktor Kaplan) uses a propeller-type turbine
blade where the pitch of the turbine blade can be adjusted to control the amount
of force developed by the turbine blade. Additionally, it is provided with adjustable
wicket gates allowing for a wider range of operation The Kaplan turbine is designed
for lower values of net head. It is utilized for net heads of 5-70 m and for flow rates
of 1-1000 m>/sec. The Kaplan turbine has a range of power ratings from 100 kW up
to 100 MW.

The bulb turbine propeller is similar to the Kaplan with pivoting propeller type
turbine blades, but the bulb unit (including the generator) is submersed entirely in the
flow of water that drives the turbine. The bulb turbine gets its name from the shape of
the watertight casing which contains both the generator and associated transmission
to the propeller. The bulb unit turbine is also known as an axial flow turbine since the
flow of water is parallel with the shaft of the turbine. The bulb unit turbine is designed
for very low values of net head. It is utilized for net heads of 5-20 m and for flow
rates of 1-500 m3/sec. The bulb unit turbine has a range of power ratings from 100
kW up to 50 MW.

The Deriaz turbine (developed by Paul Deriaz) is similar to the Kaplan, but
the propeller blades are inclined to allow for operation at higher heads. The Deriaz
pump/turbine unit turbine is designed and most efficient when utilized in applications
with moderate values of net head. It is utilized for net heads of 20—140 m and for flow
rates of 1-1000 m3/sec. The Deriaz pump/turbine unit has a range of power ratings
from 200 kW up to 200 MW.
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HYDRAULIC IMPULSE TURBINES

Impulse turbines change the velocity of the water in the turbine blade just like a garden
hose nozzle. The water jet pushes on the turbine’s curved blades which changes the
direction of the flow. The resulting change in momentum (impulse) causes a force
on the turbine blades. Since the turbine is spinning, the force acts through a distance
(work) and the diverted water flow is left with diminished kinetic energy. An impulse
turbine is one where the pressure of the fluid flowing over the rotor blades is constant
and all the work output is due to the change in the velocity (kinetic energy) of the fluid.
Prior to hitting the turbine blades, the water’s pressure (potential energy) is converted
to kinetic energy by a nozzle. No pressure change occurs at the turbine blades, and
the turbine does not require an enclosure for operation.

There are three major categories of hydraulic impulse turbines in service. These
are the Pelton turbine, the cross flow turbine, and the Turgo turbine. Each uses a
different design of turbine blade section that is designed to optimize the efficiency of
the turbine for certain values of flow and head.

A Pelton wheel has one or more free jets discharging water and impinging on
the buckets of a runner. The Pelton turbine is designed for high range values of net
head. It is utilized for net heads of 140-2000 m and for flow rates of 0.5-50 m>/sec.
The Pelton turbine has a range of power ratings from 100 kW up to 200 MW.

The Ossberger cross flow turbine uses a drum-shaped rotor that resembles a
squirrel cage. A rectangular nozzle section directs the water flow against the curved
vanes on the cylindrically shaped runner. A guide vane at the entrance to the tur-
bine controls the amount of water flow through the turbine. The cross flow turbine is
designed for lower range values of net head. It is utilized for net heads of 5-100 m
and for flow rates of 0.5-5 m3/sec. These are smaller hydraulic turbines with a range
of power ratings from 10 kW up to 500 kW.

The Turgo turbine is also designed for low range values of net head. The Turgo
runner is a cast wheel whose shape generally resembles a fan blade that is closed
on the outer edges. The water stream is applied on one side, goes across the blades
and exits on the other side. It is utilized for net heads of 5-100 m and for flow rates
of 0.5-5 m3/sec. These are smaller hydraulic turbines with a range of power ratings
from 10 kW up to 500 kW

KINETIC ENERGY HYDRAULIC TURBINES

Kinetic energy hydraulic turbines are a developing technology. Kinetic energy tur-
bines, which are also known as free-flowing turbines, do not require the impoundment
of a potential energy source from a reservoir of water. Similar to how wind turbines
capture the kinetic energy of atmospheric currents, kinetic hydroelectric turbines cap-
ture the kinetic energy contained in the flow of natural waters. Recent developments
in the field of wind energy have provided insight into advances for similar types of
technology for hydraulic kinetic energy turbines. Hydraulic kinetic energy turbines
are driven by the kinetic energy of free-flowing water rather than form a pressure or
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Figure 5.1 Typical kinetic energy conversion devices Source: Reproduced with permission
of National Renewable Energy Laboratory (NREL).

head from an elevated reservoir of water. These types of systems are installed in rivers,
tidal water, and ocean streams and convert the kinetic movement of these waters to
electrical energy. They tend to be smaller in size but do not require the capital invest-
ment that an impoundment arrangement might cost. Some recent designs are shown
in Figure 5.1.

GLOSSARY OF TERMS

¢ Hydraulic Reaction Turbine — A turbine whose rotating blades utilize a reaction
design where the pressure drops in the rotating section.

¢ Hydraulic Impulse Turbine — A turbine whose rating blades utilize an impulse
design where the pressure is constant in the rotating buckets.

¢ Efficiency — A percentage obtained by dividing the actual power or energy by
the theoretical power or energy. It represents how well the hydropower plant
converts the potential energy of water into electrical energy.
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Head — Vertical change in elevation, expressed in feet or meters, between the
head (reservoir) water level and the tail water (downstream) level.

Flow — Volume of water, expressed as cubic feet or cubic meters per second,
passing a point in a given amount of time.

Headwater — The water level above the powerhouse or at the upstream face of
a dam.

Low Head — Head of 66 ft or less.
Penstock — A closed conduit or pipe for conducting water to the powerhouse.

Runner — The rotating part of the turbine that converts the energy of falling
water into mechanical energy.

Tailrace — The channel that carries water away from a dam.
Tail Water — The water downstream of the powerhouse or dam.
Ultra-low Head — Head of 10 ft or less.

Wicket Gates — Adjustable elements that control the flow of water to the turbine
passage.

PROBLEMS

5.1

5.2

5.3

54

Using equation (5.1), calculate the power developed (in HP) by a hydraulic turbine if the
net head of water is 250 ft, turbine discharge flow is 1000 ft*/sec, and turbine efficiency
is 0.8?

If the power developed by a turbine with a head of 200 ft is 20,000 HP and the head is
reduced to 100 ft, but the runner discharge diameter remains constant, what is the new
HP developed by the hydraulic turbine?

If the speed developed by a turbine with a head of 200 ft is 360 rpm and the head is
reduced to 100 ft, but the runner discharge diameter remains constant, what is the new
speed developed by the hydraulic turbine?

If the flow through a turbine with a head of 200 ftis 1000 ft*/sec and the head is reduced to
100 ft, but the runner discharge diameter remains constant, what is the new flow through
the hydraulic turbine?

RECOMMENDED READING

Types of Hydropower Turbines, DOE (Department of Energy), http://energy.gov/eere/water/types-
hydropower-turbines

Electrical Machines, Drives and Power Systems, 6th edition, Theodore Wildi, Prentice Hall, 2006.

The Engineering Handbook, 3rd edition, Richard C. Dorf (editor in chief), CRC Press, 2006.

NREL (National Renewable Energy Laboratory), http://www.nrel.gov/emails/wind/utws_newsletter_
2012-03.html

Power Plant Engineering, Black & Veatch, edited by Larry Drbal, Kayla Westra, and Pat Boston, Chapman
& Hall/Springer, 1996.

Standard Handbook of Powerplant Engineering, 2nd edition, Thomas C. Elliott, McGraw-Hill, 1998.
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CHAPTER 6

NUCLEAR POWER

GOALS

¢ To understand the fundamentals of nuclear reactions

* To understand the differences between alpha, beta, gamma, and neutron byprod-
ucts of nuclear reactions

* To be able to calculate the decay constant or half-life of a radio nuclide and
determine the amount of material remaining

¢ To understand the difference and purpose of the reactor coolant and reactor
moderator

¢ To understand the difference between fissile and fertile material

* To be able to calculate the neutron multiplication factor or reactivity of the
nuclear fuel and determine whether the reactor is subcritical, critical, or super-
critical

* To understand the six basic types of nuclear power plant designs

* To identify several types of accidents or events and systems utilize to mitigate
the effects of these modes of failure

* To develop an understanding on the difference between units of radioactivity
and units of exposure

¢ To understand the maximum permissible occupational radiation exposure for
adults and children

N UCLEAR POWER plants utilize the energy released in a nuclear reac-
tion as the source of thermal energy to heat steam which in turn drives a steam turbine
that is connected to a generator to generate electricity. The most common fuel used
as a source of this nuclear reaction is uranium (U?3). Ninety-nine percent of natu-
ral uranium mined from the earth contains the isotope uranium (U?38). To obtain the
isotope uranium (U%3%), the uranium is processed. Uranium-235 is an unstable iso-
tope. Thermally moderated neutrons collide with the U3 atom and cause the atom to
decay into other atoms. One type of decay of the U2 atom is to decay into bromine
(Br?) and xenon (Xe!*3) and other minor particles. This decay of U2 into Br® and

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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Figure 6.1 Radioactive decay in terms of half-life. Source: Reproduced with permission of
Department of Energy (DOE) Fundamentals Handbook.

Xe'!*3 releases neutrons N, gamma (y) particles, and beta (f)" particles and energy
in the form of heat. These particles continue to decay into other elements and each
decay releases decay heat. Alpha decay is the emission of alpha particles which are
helium nuclei with an atomic number of 2 and an atomic mass of 4 without the two
electrons of helium. Beta () decay is the emission of electrons of nuclear rather than
orbital origin. These particles are electrons that have been expelled from the nucleus.
Gamma (y) radiation is a high energy electromagnetic radiation that originates in the
nucleus. It is emitted in the form of photons which are discrete bundles of energy that
have both wave properties and particle properties.

The basic features of decay of a radionuclide sample are shown by the graph in
Figure 6.1.

The half-life (t,,,) of an unstable element is the average time for one half of a
population of that element to decay to the next level of elements. The decay constant
is defined by the following formula.

1= 0.693 6.1)
L

where

A = decay constant
t1p = half-life

The formula to calculate the amount of radioactive material left after a certain
amount of time, given the half-life of the material is

N = Ny x =D (6.2)
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where

N = the final amount of radioactive material

N, = the initial amount of radioactive material

A = decay constant (time™!)

t = time between initial population and final population (time)

Notice that the units of time and of the decay constant can utilize any unit of
time, but they must utilize the same units of time. If the decay constant is given in
units of seconds™! then time must be in units of seconds. If the decay constant is given
in units of years™! then time must be in units of years.

The decay heat is transferred to water or other fluid system via a steam generator
that then generates steam to drive a steam turbine(s) to drive an electrical generator.

Example 6.1 A sample of material contains 20 micrograms of Bromine-77 (Br’7).
Bromine-77 has a half-life of 57 hours. Calculate the following.

a. Calculate the decay constant (1) of Bromine-77

b. Calculate the amount of Bromine-77 that will remain after 1 week

Solution:

a. Using equation (6.1) we find that the decay constant is

1= 0.693
i)
0.693
A=
57 hr

A =0.012158 hr™!
b. Using equation (6.2), we find that the final amount of Bromine-77 is;
N = Ny x e

In the exponent, we need to use the same units for both the decay constant
(A) and time (7). We found the decay constant in part (a) to be 0.012158 hours™! and
the problem gives us the time as 1 week. We can convert either 1 week to hours, or
0.012158 hours™! to weeks™!. Converting 1 week to hours, we find the time passed is

1 week X (7 days/1 week) X (24 hours/1 day) = 168 hours

Now we can use equation (6.2) to find out the amount of Bromine-77 after 1
week.

. _ -1
N =20 micrograms X e( 0.012158 hours™" X168 hours)

N = 20 micrograms X (72042526316

N =20 micrograms X 0.1297 = 2.594 micrograms

There are two basic types of nuclear reactions, fission and fusion. Nuclear
fusion is a nuclear reaction in which two or more atoms collide and form a new ele-
ment. Due primarily to the high density and high temperature environments required
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to support a fusion reaction, this process is not currently utilized in commercial
nuclear electrical generation stations and will not be covered in any detail in this
text. Nuclear fission is a reaction where the incident neutron collides with an unstable
element. This unstable elements then "splits" into two or more smaller elements and
energy and other particles are released in the reaction. The fusion reaction has several
benefits over the fission reaction. One benefit is that the energy released by fusion is
three to four times greater than the energy released by fission. Another benefit is that,
for the same energy released, fusion produces substantially fewer radioactive parti-
cles than fission. Due to the substantial benefits of fusion over fission, fusion well
may be the future of nuclear energy once the challenges of the higher temperature
and density requirements of fusion technology have been resolved.

A reactor is a vessel that contains the nuclear fuel, control rods, and other sys-
tems to support the nuclear reaction. A moderator is used to reduce the neutron
energy. Moderated neutrons (lower energy neutrons) have a higher probability of
resulting in a nuclear reaction with the nuclear fuel than high energy neutrons (for
most types of reactor plants). Some materials (water being the most common) are used
to remove some of the energy associated with the neutron population contained in the
reactor fuel area to increase the ability of neutrons to cause a nuclear reaction with
the fuel. A coolant in the reactor vessel is a material that absorbs the thermal energy
released in the nuclear reaction and transfers that energy to a secondary location for
further delivery to the steam turbine. Some systems transfer this steam directly to the
turbine for use, while other systems utilize a heat exchanger called a steam generator
to transfer heat to a secondary loop before it is delivered to the turbine.

There are two types of nuclear fuel materials based on the type of reaction it
undergoes during decay and the material that results from that decay. Fissile material
generates more neutrons and also non-fissile materials. Fertile materials generate
neutrons and other fissile materials that can then undergo further decay. This is a
slightly different concept than the concept of a breeder reactor or converter reactor.
A breeder reactor is a reactor that generates more fuel in the decay process than it
consumes in the nuclear reaction. A converter reactor is a reactor that generates less
fuel in the decay process than it consumes in the nuclear reaction.

The process of the nuclear reactions inside the reactor vessel results in a certain
population of neutrons in this area. If the population of neutrons is increased, then
there are more neutrons available to cause a reaction with the fuel and the reactivity
of the reactor increases. If the population of neutrons is decreased, then there are
fewer neutrons available to cause a reaction with the fuel and reactivity of the reactor
decreases. The quantity of neutrons that are produced in the reactor vessel that are
generated from the nuclear reaction is known as rate of production. The neutrons that
are lost from the reactor vessel and not available for further reactions are lost to two
destinations. One area of loss is when the neutrons involved in a nuclear reaction
are absorbed by other elements. This is known as rate of absorption. The other area
of loss is when neutrons leave the reactor vessel without causing a reaction and this
is known as the rate of leakage. The neutron multiplication factor (k) is defined by
equation (6.3).

k = (ROP)/(ROA +ROL) (6.3)
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where

k = neutron multiplication factor
ROP = rate of production

ROA = rate of absorption

ROL = rate of leakage

If the rate of neutron production equals the rate of neutron loss (due to absorp-
tion and leakage) then the value of the neutron population in the reactor is constant
and the neutron multiplication factor (k) is 1. Since the overall population of neutrons
in the reactor is not changing at this point, this state is known as critical. If the rate of
neutron production exceeds the rate of neutron loss (due to absorption and leakage)
then the value of the neutron population in the reactor is increasing and the neutron
multiplication factor (k) is greater than 1. Since the overall population of neutrons
in the reactor is increasing at this point, this state is known as supercritical. If the
rate of neutron production is less than the rate of neutron loss (due to absorption and
leakage), then the value of the neutron population in the reactor is decreasing and
the neutron multiplication factor (k) is less than 1. Since the overall population of
neutrons in the reactor is decreasing at this point, this state is known as subcritical.

A term related to the neutron multiplication factor (k) is the reactivity (p) of the
reactor. The reactivity is defined in equation (6.4).

p=(k-1)/k (6.4)

With some algebraic manipulation of equation (6.3) and (6.4), we find that the
reactivity of the reactor is also defined as shown in equation (6.5).

p = [ROP — (ROA + ROL)]/ROP (6.5)
where

p = reactivity

ROP = rate of production
ROA = rate of absorption
ROL = rate of leakage

Example 6.2 Given a neutron multiplication factor (k) of 1, what is the reactivity
(n)?

Solution:  Using equation (6.4), we find reactivity as follows.

p=k-1/k
p=(1-D1/1
p=0

Equation (6.5) mathematically defines the term reactivity. The reactivity (p) of
the reactor is the change in the neutron population normalized to the rate of neutron
production in the reactor. Therefore, if the rate of neutron production equals the rate
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of neutron loss (due to absorption and leakage) then the value of the reactivity (p)
is 0. Since the overall population of neutrons in the reactor is not changing at this
point, this state is known as critical. If the rate of neutron production exceeds the
rate of neutron loss (due to absorption and leakage) then the value of reactivity (p)
is greater than 0. Since the overall population of neutrons in the reactor is increasing
at this point, this state is known as supercritical. If the rate of neutron production is
less than the rate of neutron loss (due to absorption and leakage) then the value of
the neutron population in the reactor is decreasing and the reactivity (p) is less than
0. Since the overall population of neutrons in the reactor is decreasing at this point,
this state is known as subcritical.
This is summarized in the equations (6.6), (6.7), and (6.8);

k=1, p=0; system is critical (6.6)

k <1, p < 0; system is subcritical 6.7)

k> 1, p > 0; system is supercritical (6.8)

Example 6.3 For a reactor operating in a “subcritical” state, the reactiv-

ity (p) is and the neutron multiplication factor (k)

is

A p>1,k>0
B. p<0,k<1
C.p=0,k=1
D.p=1,k=0

Solution:  From equation (6.7) the answer can be found to be
B. p<0,k<1

As can be seen from discussion above, the main method of controlling the reac-
tion rate in the nuclear reactor is by controlling the population of thermal neutrons
available for reactions in the reactor vessel. This can be done by adjusting the rate
of production, rate of leakage, or rate of absorption. The primary method of control-
ling these is by the use of control rods which controls the rate of absorption. Control
rods have neutron absorbing materials (poisons) that absorb available neutrons. The
control rods are inserted into the reactor fuel region or removed as needed to regulate
the quantity of neutrons absorbed. Under normal operation, these control rods are
slowly driven in or out of the reactor fuel region to slowly adjust the rate of neutron
absorption. In the event that the reactor needs to be quickly shut down, the controls
rods are quickly inserted into the fuel region to reduce the thermal neutron population
and the number of reactions occurring in the fuel region. This is known as a reactor
SCRAM. The acronym SCRAM stands for “safety control rod axe man”. Back in the
early period of nuclear development, the control rods were located above the reactor
vessel head (the top of the reactor vessel). In the event that the reactor had to be shut
down quickly for safety, a person could use an axe to cut the supports holding the
control rods, thereby allowing gravity to quickly inserting the control rods into the
reactor vessel and forcing the reactor into a subcritical state.
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In addition to the control rods, a soluble neutron poison (typically boron) can be
introduced into the fuel region to absorb some of the neutron population and control
the reactivity of the fuel region. Also fixed burnable fission poisons are permanently
distributed throughout the fuel region. These fixed burnable poisons help ensure that
the power density is evenly distributed throughout the fuel region to minimize the
occurrence of thermal hot spots in the reactor core.

Most reactor designs have an inherent negative temperature feedback design.
As the temperature of the moderator increases, the density of the moderator decreases.
The reduced density in the moderator allows more neutrons to leave the fuel area
without becoming thermally moderated. Therefore, fewer thermal neutrons are avail-
able for reaction. This results in reduced number of reactions and reduced thermal
output of the reactor. The temperature of the moderator can change by either an
initial increase in reactor power level with no change in steam flow to the turbine
by withdrawing reactor control rods or, more commonly with no change in con-
trol rod position, if the steam flow out of the steam generator is reduced (say due
to reduced mechanical load on the steam turbine), then the temperature of the moder-
ator increases which inherently reduces the reactivity of the fuel area due to increased
moderator temperature and reduced moderator density.

There are six basic types of nuclear power plant designs that are listed below.

BWR = Boiling water reactor

PWR = Pressurized water reactor

PHWR = Pressurized heavy water reactor
PTGR = Pressurized tube graphite reactor
HTGR = High temperature gas-cooled reactor
LMFBR = Liquid metal fast breeder reactor

BOILING WATER REACTOR

The boiling water reactor BWR design utilizes light water (H,O) for both coolant
and moderator. The BWR only has one loop and the reactor is the “boiler” in the
thermodynamic cycle. Water enters the reactor vessel and is heated in the reactor
core at location 1 of Figure 6.2. At the top of the reactor vessel at location 3 of
Figure 6.2 is the steam generator section where the water undergoes change of state
from water to steam. There is a steam separator and a super heat section at the top of
this area to remove any moisture from the steam and add thermal energy to superheat
the steam. Since the steam separator is located at the top of the reactor vessel, there
is no room on top of the reactor for the control rods and the control rods for the BWR
are driven in from the bottom of the reactor. Water that does not form steam in the
steam separator is recirculated back to the reactor core using recirculation pumps.
These pumps help to maintain cooling to the reactor core. The steam that leaves the
steam separator leaves the containment vessel and is delivered to the steam turbine.
In the pressurized water reactor (PWR) design, the steam that drives the turbine
never passes through the reactor vessel and therefore is never in close proximity to
the radiation source. The same is not true for the BWR design. The water that flows
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Figure 6.2 Typical boiling water reactor (BWR) arrangement. Source: Reproduced with
permission of U.S. Nuclear Regulatory Commission.

through the reactor core becomes slightly radioactive due to the collisions between
the radiation (mostly gamma particles) and the elements contained in the water. In
the PWR design, this water remains in the containment vessel and circulates between
the reactor and steam generator, but in the BWR design, this same water is converted
to steam and is used to drive the steam turbine. Therefore, in the BWR design, the
steam 1is slightly radioactive. Additional shielding is utilized on steam and water
piping and the steam turbine in BWR designs that is not needed in the PWR design.
Boiling water reactors contain between 370 and 800 fuel assemblies depending on
the design of the reactor vessel. Figure 6.2 shows the typical arrangement of the
BWR. The steam then leaves the containment vessel and, at this location (location 5
of Figure 6.2), there are isolation values in the steam piping to maintain containment
across the containment vessel. The steam is then sent to the steam turbine in the
power plant for use and the condensate from the turbine generator in the power plant
is fed back to reactor vessel though the containment vessel where, again, there are
valves for isolation at the containment vessel.

The BWR was developed by the Idaho National Laboratory and General Elec-
tric (GE) in the mid-1950s but the majority of units in service are of the early 1980’s
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vintage. Since the first design of the BWR, there have been six changes to the basic
design to enhance system safety. The latest design, known as the advanced boiling
water reactor design (ABWR), utilizes recirculation pumps that are physically inside
the reactor vessel instead of the recirculation pumps that are inside the containment
vessel but external of the reactor vessel shown in Figure 6.2. Having these recircula-
tion pumps internal to the reactor vessel eliminates several penetrations in the reac-
tor vessel that the old system required for the external recirculation jet pumps. The
ABWR design also allows for finer control rod adjustments leading to finer adjust-
ment of the reactivity of the fuel section. There have also been changes made to
increase the required response time to a loss-of-coolant accident (LOCA). In some
designs of the ABWR, the system can provide cooling water for up to 3 days. These
include a design that uses natural circulation to allow coolant to circulate in the reac-
tor vessel without the need for electrically powered external recirculation pumps.
Another safety improvement is a modified condenser which allows for the use of the
condenser which normally takes the exhaust steam from the steam turbine. The mod-
ification allows for steam to be sent directly from the reactor vessel to the condenser
for emergency cooling. Also, some designs have a large pool of borated water (boron
is a natural neutron-absorbing material or poison) and this borated water can be used
to flood the reactor vessel in a LOCA to reduce the reactivity of the fuel region thereby
reducing the power density of the reactor.

PRESSURIZED WATER REACTOR

The pressurized water reactor (PWR) is similar to the BWR except that this design
contains two loops for coolant. The primary loop circulates completely inside the
containment vessel between the reactor vessel and the steam generator. The steam
generator forms the boundary between the primary and secondary coolant loops. The
steam generator is the heat sink to the primary loop system and the heat source for
the secondary loop system. The installation of a primary loop that is completely con-
tained in the reactor vessel and the secondary loop provides isolation between the
two systems and thereby provides one more containment boundary between the fuel
and the environment. The core inside the reactor vessel at location 1 of Figure 6.3 is
the heat source for the primary loop. The steam generator at location 3 of Figure 6.3
transfers the thermal energy from the primary loop to the secondary loop. The reactor
core fuel assemblies are cooled by the circulation of the primary coolant. The reactor
pumps provide the pressure or head required for forced circulation of the primary
coolant loop. Additionally, the arrangement of the reactor vessel and steam gener-
ator is such that a natural circulation exists between these two pieces of equipment
which is discussed later. Pressurized water reactors contain between 150 and 200 fuel
assemblies.

Unlike the BWR design, the steam lines that exit the containment vessel and
the condensate lines that enter the containment vessel do not enter the reactor vessel
but enter the steam generator on the secondary side. As such, the steam generator
forms one of the containment boundaries. Since the secondary loop is isolated from
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Figure 6.3 Typical pressurized water reactor (PWR) arrangement. Source: Reproduced with
permission of U.S. Nuclear Regulatory Commission.

the primary loop, there is no need for the isolation values in the steam and condensate
lines as they enter and exit the containment vessel that exist in the BWR design. In
the PWR design, the coolant in the primary loop remains in the liquid state except
for the pressurizer where a saturated water and steam mixture exists. The purpose of
the pressurizer is to provide temperature and pressure control for the primary loop.
In the pressurizer, the primary coolant is in a saturated condition. In the pressurizer,
heaters are available to convert some of the saturated steam water mixture in the
pressurizer to steam thereby increasing the pressure of the primary loop system. Also
in the pressurizer, nozzles that provide water sprays are also available to condense
some of the steam to water in the pressurizer which has the effect of lowering the
pressure of the primary loop system. The heaters and water sprays in the pressurizer
therefore provide pressure control and therefore temperature control of the primary
loop. Referencing the T-s diagram of Figure 2.1, if we change the line of pressure we
are operating at, then we change the saturation temperature of the loop.
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Just like the BWR design, the PWR utilizes light water (H,O) for both moder-
ator and coolant. Since the PWR does not have the steam separator unit on top of the
reactor vessel, the control rods are located on top of the reactor vessel in this design.
This has the benefit of letting gravity assist the motion of control rod insertion during
areactor SCRAM. In the BWR design, the reactor control rods are inserted from the
bottom of the reactor vessel and are driven by gas pressure. In the BWR design, the
control rods must overcome gravity to be driven into the reactor against the force of
gravity.

In the PWR design, there are three types of steam generators used. There is a
once through vertical design, the horizontal design, and the U-tube design. The steam
generator has both an operational function and a safety function. The operational
function is the transfer of heat from primary loop to secondary loop to create steam
to drive the steam turbine. The safety function is the cool-down of the reactor coolant
system to the point where the decay heat removal system (DHRS) can be placed
in service after a reactor SCRAM to remove the decay heat produced in the reactor.
Another safety function of the steam generator is that it provides a containment barrier
between the primary and secondary loops to prevent fission products that may be
contained in the primary loop system from release outside the containment vessel.
Loss of tube integrity or tube sheet integrity in the steam generator results in loss of
two out of the three fission product barriers of the system. As such, the integrity of the
tubes and the tube sheet in the steam generator is critical and is monitored frequently.
A tube tester using eddy current loss info is used to determine the thickness of the
tubes during outages to ensure the thickness of this barrier and the integrity of the
tubes in the steam generator.

In the U-tube design of steam generator, the primary coolant enters the steam
generator at the bottom of the steam generator and leaves at the bottom of the steam
generator. The primary coolant flows through the inside of the tubes. The secondary
loop enters the steam generator at the top of the tube bundle, is forced down past the
tube wrapper, and then rises through the tube bundle. The process of allowing the
secondary loop fluid to rise as it absorbs the thermal energy from the tube bundle
assists in the natural circulation of the secondary loop fluid. As the secondary loop
rises, it evaporates and becomes less dense. The more dense fluid entering the steam
generator on the secondary loop side tends to displace the heated steam water mixture
of less density. At the top of the steam generator is the steam separator section which
is used to remove any moisture content from the steam before it is sent to the steam
turbine. The secondary steam leaves the top of the steam generator.

In a PWR, the reactor vessel is physically at the bottom of the containment sys-
tem or structure and the steam generator is at the top of the containment structure. This
arrangement allows for natural circulation of coolant in the primary loop through the
reactor vessel and steam generator. The coolant in the reactor is heated in the reactor
vessel. This heated water becomes less dense than water outside the reactor vessel
and this heated water is forced out of the reactor vessel up to the steam generator. In
the steam generator, heat from the primary loop water is removed which increases
the density of the primary loop coolant. The cooler, denser primary loop water now
falls down back to the reactor vessel. This is the process of natural circulation and
the reason for the physical location of the reactor vessel and the steam generator.
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However, this natural circulating force is not adequate for full power operations of
the reactor and typically four or more reactor circulating pumps are installed in this
loop to provide the additional pressure needed to drive the flow of fluid in the primary
loop.

PRESSURIZED HEAVY WATER REACTOR

The pressurized heavy water reactor (PHWR) uses heavy water as the moderator.
Heavy water is a molecule that contains deuterium and oxygen (D,0) as compared
with light water which is a molecule that contains hydrogen and oxygen (H,O). Deu-
terium (D or 2H) has one neutron and one proton whereas the far more common
hydrogen isotope (also known as protium), has one proton and no neutron in the
nucleus. In its pure form, heavy water has a density about 11% greater than light
water (H,O). The additional neutrons in heavy water make it less likely to absorb
free neutrons which, in turn, will leave more thermal neutrons available for reactions
with other nuclear fuel material in the reactor core. Light water moderator absorbs
more neutrons which decreases the population of thermal neutrons in light water
reactors as compared with heavy water reactors. This feature makes heavy water a
more efficient means of thermally moderating high energy neutrons into low energy
thermal neutrons in a reactor. The moderator and coolant form two loops in the
PHWR.

The PHWR design uses tubes in the reactor vessel for flow and, therefore, the
fuel cells in at PHWR can be replaced online. This allows for less downtime and more
frequent replacement of spent fuel cells which also allows for better management of
the thermal density distribution of the reactor fuel area. When refueling online, the
reactivity control and thermal density of the reactor vessel can be more tightly con-
trolled than the previous designs discussed that can only have their fuel cells replaced
during an outage. Reactivity in the PHWR design can also be achieved by control rods
as discussed previously or by dumping of the moderator to reduce the population of
thermal neutrons.

Below we discuss the three remaining types of reactors, but since they constitute
only a few of the active designs in service, the discussion is brief.

PRESSURE TUBE GRAPHITE REACTOR

The pressure tube graphite reactor (PTGR) has two separate materials for the mod-
erator and coolant. The PTGR utilizes light water (H,O) for its cooling media and
graphite for its moderator. The cooling system forms two loops much like the PWR
design and, as such, the PTGR utilizes a steam generator in the containment vessel for
removal of heat energy from the reactor vessel. Again, since the cooling media and
moderator media form different loops and are installed in tubes in the reactor vessel,
online fuel replacement is possible with the PTGR just like the PHWR. Control of the
reactivity of this design of reactor is via control rods mounted on the reactor vessel.
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HIGH TEMPERATURE GAS-COOLED REACTOR

The high temperature gas-cooled reactor (HTGCR) uses graphite as the neutron mod-
erator. Instead of using water for its cooling media, the HTGCR uses air (or other
gases) as the cooling media for heat removal from the reactor vessel and delivery to a
steam generator that is a gas-to-water heat exchanger. The gas is on the primary loop
side of the steam generator. The water is on the secondary loop side of the steam gen-
erator. The water is heated by the gas of the primary loop cooling system and forms
steam to drive the steam turbine. Since the primary loop is a gas and not a liquid, this
design does not require a pressurizer, like the PWR design. Like most designs, this
design uses control rods for reactivity control.

LIQUID METAL FAST BREEDER REACTOR

The liquid metal fast breeder reactor (LMFBR) uses graphite as its neutron moderator.
All the previous designs are fission reactors that produce non-fissionable materials
in the reaction. The LMFBR is an example of a breeder reactor. The most common
material used for fuel in the LMFBR is uranium-235 (U23) with uranium-238 (U23%).
Uranium-238 (U%38) is the most common naturally occurring isotope of uranium. In
fission reactors, uranium-238 does not react with thermal neutrons like uranium-235.
Therefore, in spent fuel from fission reactors, while the concentration of uranium-235
is depleted, the concentration of uranium-238 is still significant. One proposal for the
recycling of depleted fuel from a fission reactor is reprocessing to obtain the uranium-
238 and utilization in a breeder reactor. When uranium-238 reacts with a fast neutron,
it decays into plutonium 239 (PU%3?), which is a fissile material and can be used as
nuclear fuel. Breeder reactors carry out such a process of transmutation to convert
the fertile isotope 238U into fissile Pu-239. The LMFBR uses both fissile Plutonium
and fertile uranium for the fuel. Both of these elements react with fast neutrons to
produce further nuclear reactions and, therefore, a moderator is not required with the
LMFBR design. For coolant, this design uses liquid sodium (a metal on the periodic
table, table 4.3). By definition, since this is a breeder reactor, unlike the previous
designs discussed, the LMFBR produces fissionable material that can further generate
nuclear reactions in the fuel assembly. Currently, there are four breeder reactors in
operation.

NUCLEAR POWER SAFETY

In nuclear power, safety is of primary concern and one of the primary topics of
safety is containment of the radioactive materials. There are multiple barriers between
the nuclear fuel and the outside environment that form the containment system.
The reactive fuel is contained inside pellets which are then assembled into the fuel
rod cladding. The first boundary is the fuel pellets and the second boundary is the
cladding. These fuel rods are then assembled into the reactor core vessel. The reactor
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vessel has several penetrations needed to supply reactor cooling water, connections
for recirculation pumps, steam generator vessel, pressurizer, and other equipment.
The reactor vessel and all the associated systems that connect to the reactor vessel
form the third boundary between the fuel and the outside environment. Lastly, these
systems are housed inside a reinforced containment structure and this containment
structure provides the fourth boundary between the fuel and the outside environ-
ment. All materials have certain mechanical (temperature and pressure) limits which
must be maintained to ensure the integrity of the material. Operation of the reactor
inside the thermal limits of these materials ensures the integrity of the fuel cladding.
To help minimize the operational temperature of the fuel pellets and cladding, the
thermal resistance between the fuel cells and the fuel rod is minimized by the use
of helium (He) gas that resides inside the fuel rod. The helium gas uses convec-
tion to enhance the heat transfer capability between the fuel pellet and the fuel rod
cladding.

There are several types of accidents or events that could occur in a nuclear reac-
tor, but the reactor is controlled to ensure the safe and reliable operation of the nuclear
power plant. Reactors operate at a steady-state (critical) power level reasonably well.
However, during transients or changes to reactor power levels, the reactor system
response is not a linear function. During the transient, production and decay of the
byproducts of nuclear fission occur. Some of the fission byproducts produced by the
subsequent decays are neutron poisons. Since the production of these poisons is a sub-
sequent decay of the primary fission reaction, there is a time delay between the rate of
primary fission reactions and the production of poisons. If the reactor is driven subcrit-
ical, initially the primary fission reactions are reduced, but the production of poisons
is still based on the previous power level and initially does not change. Therefore,
the number of neutrons absorbed by control rods and the produced poisons increases
initially. After some time, the production of neutron poisons begins to reduce due to
the fewer decays coming from the reduced fission reaction rate. This reduction in the
population of poisons results in fewer thermal neutrons absorbed and, since there are
more neutrons available for fission, there is a slight increase in the fission reactions
in a reactor. This causes the power level of the reactor to slightly increase. The more
rapid the change in power level, the more pronounced this response to poison level
changes can be. Due to this, there are limits to the rate of change of reactor power
levels during normal operation to tightly control the reactive transients due to neutron
poison population changes.

Loss of cooling water flow is another concern in the safe operation of reactors.
The nuclear reaction generates a large amount of thermal energy and the removal
of this energy from the reactor vessel is critical to ensuring that the materials in the
reactor vessel that form the boundaries between the fuel and the outside environment
maintain their integrity. The normal method of thermal energy removal is via the
coolant system. The heat is removed from the reactor vessel by the coolant system
and eventually delivered to the steam turbine. In the event of a loss of the steam turbine
(unit trip), this heat needs to be removed and various cooling systems exist to remove
this decay heat from the reactor vessel. Some systems provide piping to circulate
the coolant so the decay heat can be directly removed and sent to the condenser that
normally takes exhaust steam from the turbine. This will have a heat exchanger in the
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containment compartment to provide a boundary between the reactor coolant loop and
the secondary loop that enters the condenser for removal of heat. There is a backup
system that can be used to fill the reactor vessel with borated water (boron is a neutron
poison) to provide both cooling as well as absorption of neutrons in the reactor vessel.

It may not initially be obvious, but overcooling is also an event that can damage
the reactor system and controls must be in place to prevent overcooling the moderator.
As the moderator is cooled, it becomes denser. A more dense moderation will react
with a larger population of high energy neutrons and produce a higher population
of thermal neutrons which will increase the reaction rate in the reactor. Therefore,
overcooling of the moderator can cause the reactor reaction rate to increase causing
the reactor to become supercritical. Fortunately, since the reactor design has a neg-
ative temperature relationship, as the power level increases, with no change in flow
or pressure of the coolant system, the temperature of the moderator should increase,
decreasing moderator density resulting in a reduction of the production of thermal
neutrons leading to a reduction of reactivity.

Integrity of the containment boundaries is critical to ensure the reactive material
is contained within the boundaries. The steam generator presents the largest amount
of surface area that forms one of these boundaries. As such, the integrity of the tube
sheets and tubes in the steam generator is of primary concern. The integrity of the
steam generator materials is monitored closely to ensure its adequacy for service.

During outages, spent fuel rods are removed from the reactor vessel and trans-
ported to a holding pond with borated water to provide both cooling and absorption
of neutrons. The spent fuel rods still contain fissionable material and still generate
neutrons resulting in nuclear reactions and the associated heat even after removal.
Therefore, the storage of these fuel rods must account for the removal of this decay
heat and control of the neutrons produced during the decay process.

Additionally, external events pose potential concerns for safe reactor operation.
The reactor is designed in a manner to minimize the effects an external event might
have on the safe and reliable operation of the reactor. Emergency generators are pro-
vided to provide backup power in the event of a loss of system power. Additionally,
critical systems are normally fed from battery and inverter systems to ensure that
during a complete loss of power, the battery is available to power up these critical
systems.

The systems in the reactor that are designed to provide the ability to control
the above events are many. The control rods are primary method of controlling the
reactivity inside the reactor vessel. During a trip event, the control rods can be driven
into the reactor vessel to reduce reactivity. After this initial event, systems such as
the emergency core cooling system (ECC) shown in Figure 6.4 can be used to remove
the decay heat from the reactor to maintain material temperatures inside the reactor
vessel within their safe limits should there be a loss of primary cooling media event.

For longer-term cooling, there is a backup system known as the post-accident
heat removal system (PAHR) shown in Figure 6.5 to remove decay heat from the
reactor vessel. This system utilizes a residual heat removal heat exchanger to remove
heat generated in the reactor core from decay products. The reactor coolant is cir-
culated between the reactor vessel and the residual heat exchanger to remove decay
heat from the reactor. In the residual heat exchanger, this heat energy is exchanged
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with some secondary coolant system such as the service water system as shown in
Figure 6.5.

Should the reactor vessel boundary fail, heat from the reactor vessel can
increase the temperature and pressure of the atmosphere in the containment ves-
sel. Additionally, if the fuel cladding and fuel rod boundaries have been compro-
mised, a failure of the reactor vessel can result in release of decay products into the
containment chamber. To prevent over pressurization of the containment vessel, the
post-accident radioactivity removal system (PARR) shown in Figure 6.6 provides
sprays and filters inside the containment vessel that will collect radioactive particles
in the atmosphere of the containment vessel for containment and reduce the change
of release to the outside atmosphere. The spray also allows the steam inside the con-
tainment vessel to be condensed to liquid, thereby reducing the pressure inside the
containment vessel. Lastly, the integrity of the containment building is maintained to
ensure that reactive material is not released to the outside environment.

Nuclear reactions produce various types of radiation. There are two systems of
measurement depending on if we are measuring the amount or activity of radioactive
decay or if we are measuring the equivalent exposure to human tissue.

UNITS OF ACTIVITY

The amount of radiation (disintegrations or decays per second) is measured by two
common units: curie (Ci) and becquerel (Bq). In the United States, the units used are
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the curie or mill curie (mCi, 0.001 Ci) or micro curie (4Ci, 0.000001 Ci). The Curie is
an amount of radioactive material emitting 2.22 x 102 decays (particles or photons)
per minute (dpm) or 3.7 X 10'° decays per second (dps). Becquerel (SI units) is an
amount of radioactive material emitting 60 dpm or 1 dps.

1 curie (Ci) = 3.7 x 10'° decays per second
1 becquerel (Bq) = 1 decay per second
The conversion between units is
1 curie (Ci) = 3.7 x 10'° becquerel (Bq) (6.9)

The nuclear fuel source presents a source of radioactive particles and the quan-
tity of particles is measured in the decays per minute (DPM). Meters such as the
Geiger-Mueller meter measure the quantity of radioactivity in the area of the sam-
ple and provides a measure in counts per minute (CPM). The meter does not detect
every decay, but has some value of efficiency that is the ratio of the counts per minute
(CPM) the instrument detects compared to the number of decays per minute (DPM)
that produce the measured number of counts. Or

n = CPM/DPM (6.10)
where

n = efficiency
CPM = counts per minute.
DPM = decays per minute.

The unit of measure for the nuclear particle quantity is the micro curie (xCi).
One micro curie is defined as;

uCi = DPM/2.22 x 10° (6.11)

It is required by NRC law that all records relevant to NRC licensed activities
must be maintained in units of DPM or micro curies. Another unit used for ionizing
X-ray and gamma radiation is the roentgen.

UNITS OF EXPOSURE

The different types of particles produced in a fission reaction have different reactions
on the human body. Even though different particles react differently with the human
body, each particle is a count. Therefore the measure of decays per minute or counts
per minute is not a good indicator of the damage to human tissue. The collision of
a neutron with human tissue is more damaging than the collision of a gamma parti-
cle. This is due to the fact that the neutron particle is denser than the gamma particle
and, therefore causes more damage to human tissue. Therefore, the quantity of par-
ticles (CPM) or Curie is not a useful measure of the amount of exposure to human
tissue.
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Units used to describe the quantity or amount of radiation exposure to the
human body are the radiation absorbed dose (RAD). The RAD refers to the energy
deposition by any type of radiation in any type of material. (The international unit
for absorbed dose is gray and it is defined as being equal to 100 rads.) Units used
to measure the quality or effect of the radiation type on the human body and there-
fore, the exposure level is the radiation equivalent man (REM) dose. The REM is a
dose equivalent (DE) measurement. (The international or SI unit for human exposure
is sievert, which is defined as equal to 100 rem.) The radiation damage to tissue is
different for different types of particles. The relationship between RAD and REM is
defined by equation (6.12).

REM = RAD X QF x modifying factors (6.12)

The qualifying factor (QF) is a measure of the damage one type or particle has
on the human body and allows for measure of the quality of radiation exposure (REM)
instead of just the quantity of radiation exposure (RAD). The amount of damage a
particle can cause to the human body is a function of both the mass or size of the
particle as well as the energy level of the particle. A low mass particle causes less
damage to human tissue than a high mass particle of equal energy. A low energy
particle causes less damage to human tissue than a high energy particle of equal
mass. Table 6.1 shows the value of the qualifying factor (QF) for various types of
particles.

Alpha particles consist of two protons and two neutrons. By looking on the
periodic table (Table 4.3) you will see that an alpha particle is basically a helium (He)
nucleus without the two outer shell electrons of a helium atom and has a molecular
weight of approximately 4. The molecular weight is approximately the number of
neutrons plus the number of protons in an atom. Therefore, compared with other
types of decay particles, the alpha particle is very large. Since it is large, it is blocked
by the first layer of skin and does not penetrate deep to damage critical organs. The
most energetic alpha particles are stopped by a few centimeters of air or a sheet of
paper. However, due to the large mass of an alpha particle, the damage it can do when
colliding with human tissue is large, therefore the quality factor is 20 for this type of
particle.

Beta particles consist of high energy electrons (e—) that have been ejected at a
high velocity from an unstable nucleus. The electron has a much smaller mass than

TABLE 6.1 Types of Radiation and Their Respective Quality Factors

Type of Radiation Quality Factor (QF)
X-ray, gamma, or beta radiation 1
Alpha particles, multiple-charged particles, 20

fission fragments and heavy particles of

unknown charge
Neutrons of unknown energy 10
High energy protons 10

Source: Reproduced with permission of Nuclear Regulatory Commission (NRC).
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the neutron or proton. As such, the beta particle has an overall substantially lower
mass than the alpha particle. Therefore, the quality factor (QF) for the beta particle
is 1, substantially less than the alpha particle. Due to the size and nature of the beta
particle, it can be shielded or blocked by clothing.

Gamma particles are electromagnetic radiation and are very high energy and
very low mass particles. Due to the fact that they are very low mass, their potential
damage to human tissue is minimal. Therefore, the quality factor (QF) of a gamma
particle is 1 (similar to the beta particle which also has very low mass). Since the
gamma particle is so small, neither skin nor clothing will shield this particle. The
main shielding used is lead due to the molecular density of the lead element. Very
few other materials will shield gamma particles well.

Neutron particles are high energy and high mass particles. Due to the fact that
they are both high energy and high mass, neutron particles have a great probability
of causing damage to human tissue during the collision process. The mass is not as
high as an alpha particle, but larger than beta or gamma particle. Due to this, the
quality factor (QF) of neutron particles is 10 (more than beta or gamma particle, but
less than the massive alpha particle). Water provides an effective shield to neutron
particles.

The SI unit for the RAD value is gray and the SI unit for the REM value is
sievert.

1 gray = 100 rad

1 sievert = 100 rem

Radiation is received by humans in everyday life outside of the nuclear power
industry. For a point of reference, the typical annual exposure levels in mrem (0.001
rem) are provided in Table 6.2 for various situations.

So how much radiation does it take to affect the human body in an adverse way?
The quality of the radiation as measured in rem and the effects that the radiation has
on the human body are listed in Table 6.3.

Note these values are in rem not mrem as in the previous table.

TABLE 6.2 Typical Annual Exposure Levels

milli-rem Source

5 Statutory limit on radiation from operating a nuclear power plant
25 Internal exposure from radioactive material ingested into the body
45 Cosmic rays

75 Diagnostic medical exposure (X-rays)

60 External radiation from radioactive ores, etc.

120 Natural radiation sources (combined)

200 Average total exposure in the United States

500 Average occupational dose for radiologists

500 Maximum permissible occupational exposure for children < 18 years old
1250 Natural exposure in mountainous regions of Brazil

5000 Maximum permissible occupational exposure for adults (5 rem)

Source: Reproduced with permission of Nuclear Regulatory Commission (NRC).
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TABLE 6.3 Effects of Radiation on the Human Body

rem Effect

0-25 No observable effect

25-100 Slight blood changes

100-200 Significant temporary reduction in blood platelets and white blood cells
200-500 Severe blood damage, nausea, hair loss, hemorrhage, death in many cases
>600 Death in less than two months for over 80% of people

Source: Reproduced with permission of Nuclear Regulatory Commission (NRC).

Example 6.4 What is the range of REM exposure where slight blood changes are
noticeable?

A. 0-25 rem

B. 25-100 rem
C. 100-200 rem
D. 200-500 rem

Solution:  From Table 6.3, answer is B. 25 — 100 rem

So, if we use the Geiger—Mueller to measure the quantity of particles, what
instrument do we use to measure the quality or effect of the particles? One of the
most common devices is the thermoluminescent dosimeter (TLD) badge. TLDs can
be designed to measure the quality or effect of the particles the device is exposed
to. The TLD dosimeter can measure skin dose (the effect the particles have to the
layer of human skin), the eye dose (the effect the particles have to the layer of human
eye tissue), and deep dose (the effect the particles have to major organ tissue deep
in the body). Thermo luminescence (TL) is the ability of a material to convert the
energy received from a collision with a radioactive particle to radiation of a different
wavelength that can be measured. The collision with the particle forces a valence
electron into a higher excited orbit. When the TLD is to be read, it is heated and this
heating returns the valence electron to is original orbit and in this process, the TLD
releases energy in the form of light. The wavelength of this light release is measured
and converted to the REM dose. After the readout, the TLD is annealed back to a zero
state and ready for reuse.

The advantages of the TLD device over other methods of monitoring REM are
that it has a greater range of doses (types of tissue exposure) than other devices and
the readout is easily obtained by the readout process. The TLD does not have to be
sent off site to read the dose value. Also, after readout is annealed back to is zero
state, the TLD is available for reuse. The main disadvantage of the TLD is that, once
read, the device is zeroed out, so there is no history of exposure past the last readout
of the device.

GLOSSARY OF TERMS

¢ Auxiliary Building — A building at a nuclear power plant, adjacent to the reac-
tor containment structure, that houses the reactor auxiliary and safety systems,
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such as the radioactive waste system, the chemical and volume control systems,
and the emergency cooling system.

Boiling Water Reactor (BWR) — A reactor design in which the coolant water
flows to the core where it is heated and is allowed to boil. Steam that is produced
is passed through a heat exchanger where it is condenses to water and returned
to the reactor.

Breeder Reactor (BR) — A nuclear reactor designed to produce more fuel (fissile
material) than it consumes. Such reactors surround the fuel with a fertile (non-
fissile) material that, when irradiated, produces fissile material. It is also known
as a converter reactor because it converts fertile material into fissile material.
A reactor that generates more fuel in the decay process than it consumes in the
nuclear reaction.

Burnable Fission Poison — A strong neutron absorber added to reactor fuel or
coolant water to control reactivity. The poison initially reduces the reactivity of
new fuel. Neutron production by the fuel decreases over time, occurring as the
concentration of the poison decreases due to neutron capture. This burning of
the poison compensates for the loss of reactivity of the fuel, helping maintain
the overall reactivity of the reactor.

Cleanup System — A continuous water filtration and demineralization system
for reactor coolant systems. It serves to reduce contamination levels in the water
and to reduce corrosion.

Containment System — Those systems, including ventilation, that act as barriers
between areas containing radioactive substances and the environment.

Control Rod — A component of a reactor that contains strong neutron absorbers
and which is used to control reactor reactivity.

o General control rods are used to control and regulate the reactor power.
o Regulator rods are used for fine adjustments.
o Shim rods are used for large changes to the reactivity.

o Safety rods are used to rapidly decrease the reactivity in the event of acci-
dents.

Converter Reactor — A reactor that converts fertile material into fissile material.
The term converter often is used to classify reactors that produce fissile material
that is different than the reactor fuel. An example is a reactor fueled with 23U
that converts 233U into 23°Pu (neutron capture followed by beta decay). When
the reactor produces a fissile material that is used as the fuel, it is known as a
breeder reactor.

Coolant — A liquid or gas circulated through a reactor to remove heat. Coolants
can also act as neutron moderators. The material in a reactor vessel that absorbs
the thermal energy released in the nuclear reaction and transfers that energy to
a secondary location for removal of energy in the form of heat.

Critical — The state of having just enough neutrons to sustain a fission chain
reaction at current levels. A system whose effective multiplication factor is
equal to 1.0. Rate of production of neutrons in a reactor is equal to the rate
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of loss of neutrons in a reactor. In this condition, the population of neutrons in
the reactor is constant.

Decay Heat — Heat produced by the decay of radioactive materials in a reactor
that has been shut down.

Dose Equivalent (DE) — The product of the absorbed dose in tissue, quality
factor, and all other necessary modifying factors at the location of interest. The
units of dose equivalent are the rem and Sievert.

Emergency Core Cooling System (ECC) — System used to remove the decay
heat from the reactor to safely maintain material temperatures inside the reactor
vessel.

Fertile Material — Material that generates neutrons and fissile materials that can
then undergo further decay.

Fissile Material — Material that generates more neutrons and also non-fissile
materials.

Fission Poison — Materials with ultra-high neutron capture cross sections that
significantly reduce neutron fields in a reactor, reducing reactivity, thereby cre-
ating a barrier to reactor operations. The nuclides '*Sm and '3°Xe are two
examples.

Fuel Cladding — Material used to construct reactor components and
designed to maintain a separation between their contents and the coolant.
Zirconium and zirconium alloys (e.g., zircaloy) are common cladding
materials.

Gas-Cooled Reactor (GCR) — A nuclear reactor design which uses gas as a
coolant.

Half-life — The average time for one half of a population of an element to decay
to the next level of elements.

Heavy Water Reactor — A reactor that uses heavy water (D,0) as its moderator.

LOCA - An acronym for loss-of-coolant accident. Inadvertent escape of water
from the primary coolant system.

Moderator — Used to reduce the neutron energy to convert high energy neutrons
into thermal neutrons.

Neutron Leakage — Neutrons that escape the moderator of a reactor or a neutron
source without undergoing capture by the fissile material or other material in
the system.

Neutron Moderator — A substance used to reduce the energy of neutrons through
inelastic scattering. Good moderators have a large scattering cross section and a
small absorption cross section. Graphite, water, and heavy water are examples
of good neutron moderators.

Neutron Poison — A synonym for fission poison.

Nuclear Reactor — A device in which a sustained fission reaction can be main-
tained. The core is made of a fissile material such as uranium enriched in the
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isotope Z3°U. It is usually surrounded by water which moderates neutrons and
removes heat from the core.

Post-accident Heat Removal System (PAHR) — System used to remove decay
heat from the reactor after event.

Post-accident Radioactivity Removal System (PARR) — Systems that will col-
lect radioactive particles in the atmosphere of the containment vessel for con-
tainment.

Pressurized Water Reactor (PWR) — A reactor design in which water flows
through the core at very high pressures. The water is not allowed to boil in the
core but flows to a steam generator.

Reactivity — A measure of the departure of a reactor from criticality.

Reactor Vessel — Vessel that contains the nuclear fuel, control rods, and other
systems to support the nuclear reaction.

Reactor Vessel Head — The top section of a reactor pressure vessel. It is bolted
in place during reactor operation and is removed to provide access to the core
during maintenance and refueling.

SCRAM (Safety Control Rod Axe Man) — The sudden shutting down of a reac-
tor, by the rapid insertion of control rods. It may occur either automatically or
manually by the reactor operator. It originally stood for safety control rod axe
man, a title given to personnel who were assigned to insert the emergency rod
at the original Chicago pile.

Subcritical — The state of having insufficient neutrons to sustain a fission chain
reaction. A system whose effective multiplication factor is less than 1.0. Rate
of production of neutrons in a reactor is less than the rate of loss of neu-
trons in a reactor. In this condition, the population of neutrons in the reactor is
decreasing.

Supercritical — The state of a system whose effective multiplication factor is
greater than 1.0. Rate of production of neutrons in a reactor is greater than the
rate of loss of neutrons in a reactor. In this condition, the population of neutrons
in the reactor is increasing.

Thermoluminescent Dosimeter (TLD) — A type of radiation dosimeter. A TLD
measures ionizing radiation exposure by measuring the intensity of visible light
emitted from a crystal in the detector when the crystal is heated.

PROBLEMS

6.1

You have four radioactive cookies — one an alpha emitter cookie, one a beta emitter
cookie, one a gamma emitter cookie, and one a neutron emitter cookie. You must eat
one, hold one in your hand, put one in your pocket, and give the last one you throw
away. Which cookie do you eat, which cookie do you hold in your hand, which cookie
do you put in your pocket and which cookie do you throw away to minimize your
radiation exposure?
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In a fission reactor fuel cell, the cladding contains the fuel pellets and what
type of material to improve the thermal conductivity between the fuel pellets and
cladding?

A. Hydrogen
B. Helium
C. Oxygen
D. Nitrogen

A saturated steam—water mixture with an inlet steam quality of 60% is flowing through
a moisture separator. The moisture separator is 100% efficient for removing moisture.
How much moisture will be removed by the moisture separator from 50 Ibm of the
steam—water mixture?

A. 10Ibm
B. 201bm
C. 301bm
D. 40Ibm

A reactor coolant system is being maintained at 1000 psia. A pressurizer safety relief
valve is slowly discharging to a collection tank, which is maintained at 5 psig. Use
the ideal assumption that, since the flow is so low, the process is a throttling process.
Assuming 100% quality steam in the pressurizer vapor space, what is the approximate
enthalpy of the fluid entering the tank?

A. 1210 BTU/Ibm
B. 1193 BTU/Ibm
C. 1178 BTU/Ibm
D. 1156 BTU/Ibm

The thermodynamic cycle efficiency of a nuclear power plant can be increased by...
A. decreasing power from 100% to 25%

B. removing a high pressure feed water heater from service

C. lowering condenser vacuum from 29 in. to 25 in.

D. decreasing the amount of condensate depression (sub cooling)

To achieve maximum overall nuclear power plant thermal efficiency, feed water
should enter the steam generator (S/G) and

the pressure difference between the S/G and the condenser should be as
as possible.

A. assubcooled as practical; great

B. as subcooled as practical; small

C. close to saturation; great

D. close to saturation; small

A nuclear power plant is operating at 85% reactor power when the extraction steam
to a high pressure feedwater heater is isolated. After the transient, the operator returns

reactor power to 85% and stabilizes the plant. Compared to conditions just prior to the
transient, current main turbine generator output (kW) is...
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A. higher because increased steam flow is causing the turbine to operate at a higher

speed

B. lower because decreased steam flow is causing the turbine to operate at a lower

speed
C. higher because plant thermal efficiency has increased

D. lower because plant thermal efficiency has decreased

A pressurizer is operating in a saturated condition at 636°F. If a sudden pressurizer level

decrease of 10% occurs, pressurizer pressure will

pressurizer temperature will
A. remain the same; decrease

B. remain the same; remain the same
C. decrease; decrease

D. decrease; remain the same

and

Nuclear reactor fuel rods are normally charged with
gas to improve the heat transferred by

pellets to the cladding.
A. helium; convection
B. helium; conduction
C. nitrogen; convection

D. nitrogen; conduction

If a nuclear reactor is operated within core thermal limits, then...

A. plant thermal efficiency is optimized
B. fuel cladding integrity is ensured
C. pressurized thermal shock will be prevented

D. reactor vessel thermal stresses will be minimized

Establishing  natural  circulation  requires that a

heat source.

A. lower; pressure

B. lower; temperature
C. higher; pressure

D. higher; temperature

For a reactor operating in a “critical” state, the

p>1,k>0
p<0,k<1
p=0,k=1
p=1k=0

SOow >

heat  sink

reactivity

()

from the fuel

be

in elevation than a heat source and that a
difference exist between the heat sink and

is

and the neutron multiplication factor (k) is
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6.13 The primary purpose of the “moderator” is
A. primary heat extraction
B. lubrication
C. slow neutrons produced by fission
D. shielding

6.14 What two types of reactor types utilize “light water” as both coolant and moderator?
A. BWR and PWR
B. PHWR and PTGR
C. GCR and LMFBR

6.15 The purpose of a “pressurizer” in a PWR design is to control
A. primary loop temperature and pressure
B. secondary loop temperature and pressure
C. primary loop flow and pressure

D. secondary loop flow and pressure

6.16 The reactor type whose design provides for online refueling is

A. PWR

B. BWR

C. PHWR

D. HTGR

6.17 What is the annual maximum permissible occupational radiation exposure for a worker

in rem?

A. lrem

B. Srem

C. 10rem

D. 15rem
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CHAPTER /.

CONVEYORS

GOALS

¢ To understand the basic purpose and types of conveyors in a power generation
facility

* To develop awareness of safety hazards associated with conveyors systems and
the equipment utilized to mitigate the dangers

¢ To perform system calculations for belt length, tension, belt speed, and material
flow for a belt conveyor

* To develop a general understanding of pneumatic, rotary screw, and vibratory
conveyor systems

CON VEYORS ARE used in power generation facilities to efficiently con-
vey or move large quantities of materials from one point to another. Typical applica-
tions are the movement of coal from the delivery system (rail, barge, or truck) to the
long-term storage facility as well as movement of the coal from the long-term storage
facility to the plant. One typical application is for the controlled feeding of coal to
the coal pulverizers. The speed of the conveyor feeding coal to the pulverizers and,
eventually to the furnace, dictates the rate of fuel injected into the furnace section
and, therefore, the firing rate of the boiler. In Chapter 4 on combustion, we discussed
how the amount of chemical energy converted to thermal energy in the furnace of
the boiler was based on the type of combustible element along with the mass of the
amount of material. Coal feeding conveyors are designed to measure both the weight
of the coal on the conveyor belt (for normal operation) and the volume of coal on
the belt (for abnormal operation). For normal operation of the coal feeding conveyor,
the control system operates in a gravimetric mode. The gravimetric control mode is
where the conveyor speed is controlled to regulate the amount of mass of coal deliv-
ered to the furnace. Should the gravimetric system fail, the conveyor can be operated
in an abnormal state called a volumetric state. The volumetric control mode is where
the conveyor speed is controlled to regulate the amount of volume of coal delivered
to the furnace. The normal gravimetric mode of operation is much more accurate in

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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the control of the mass of combustible material delivered to the furnace section than
the volumetric control mode.

Belt conveyors, while being one of the most common type of conveyor sys-
tem in the power generation facility, are not the only type of conveyor system in the
power generation facility. Fly ash is collected in the hoppers at the bottom of the bag
house or electrostatic precipitator and is conveyed to the fly ash storage facility using
a pneumatic conveyor transportation system where air provides the means of trans-
port. Similarly, primary air is used to transport pulverized coal from the coal mill
to the furnace for combustion. In a stoker boiler, a chain conveyor is used to trans-
port the fuel into the furnace section. These various types of conveyor systems are
described below and some of the applications found in the power generation facility
are described.

First, we must discuss the safety concerns with conveyors. Below are some min-
imum safety requirements. Conveyors present safety hazards that must be addressed.
OSHA CFR 1926.555 requires that the employee be protected against entrainment
by moving rotating equipment and NESC section 122 requires that moving parts that
are likely to injure a person must be guarded or isolated. Conveyors must be provided
with equipment guards to prevent personnel from becoming entangled in the conveyor
system. Methods for stopping the conveyor must be available locally at the conveyor
and control station and the method of stopping must latch in the off state until manu-
ally reset. Devices such as emergency pull chords and emergency stop push buttons or
switches are distributed along the conveyor length. These devices are latching in that,
once activated to stop the conveyor, they remain in their off state until intentionally
reset. These devices directly disable the conveyor motor controls when activated for
this safety function. Another safety concern is the use of counterweights. Long belt
conveyors will utilize counterweights to maintain tension on the belt during periods
of transient torque such as startup. This counterweight may present a crushing haz-
ard should an employee find themselves in the vicinity of the counterweight when
the conveyor starts. The area around the counterweight must be guarded to prevent
employees from accessing the area around the counterweight to prevent such an injury
from occurring.

When performing maintenance on conveyors (or any mechanical equipment
that can present a physical hazard such as impacting, crushing, abrading, or shearing),
conveyors shall be locked out or otherwise rendered inoperable, and locked out and
tagged with a "Do Not Operate" tag during repairs and when operation is hazardous
to employees performing maintenance work. Simply depressing an emergency stop or
pull chord does not place the conveyor in a safe work condition for maintenance. The
conveyor equipment must be locked out to allow for maintenance activities (see Chap-
ter 1 on safety for requirements for lockout). Lastly, before a conveyor system starts,
it is required to activate an alarm indicating the conveyor system will begin moving,
before the system actually starts. This alarm system must be audible but may include
both audible and visual indication of pending conveyor system startup. The duration
of the audible warning shall be long enough to allow anyone who is endangered by
an activated conveyor system to move to safety. Further guidance on methods for
safeguarding moving mechanical equipment can be found in ANSI/ASME B15.1.
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BELT CONVEYOR

This is the most common type of conveyor in the power generation station. The con-
veyor belt consists of two or more pulleys. One pulley, known as the head pulley, is
connected to the motor and provides the energy to move the belt. The second pul-
ley on the other end of the belt conveyor is known as the tail pulley. Another pulley
in the belt system is known as the fake-up pulley. The take-up pulley’s function is
to maintain constant belt tension and is connected via a spring or weight to the rest
of the conveyor. The purpose of the take-up pulley is to provide constant tension on
the belt and take up any slack that occurs in the belt. This is very important on long
conveyors that are started across the line, as the accelerating torque of the motor may
tend to stretch the belt and the take-up pulley moves to maintain tension on the belt
during this transient. Along the belt length, there are multiple idler wheels that sup-
port the belt and the material on the belt. These must be maintained and lubricated
as any additional friction in the idler wheels will add to the torque required to run
the belt. Additionally, where one belt conveyor feeds another belt conveyor, logic is
developed to monitor the state of the downstream conveyor. The downstream con-
veyor must be verified to be energized and operating before the upstream conveyor
is permitted to start and, should the downstream conveyor stop, the upstream con-
veyor(s) is(are) stopped. This is to prevent material accumulation at a conveyor that
has stopped from an upstream conveyor that is still energized and operating.

To determine the required length of the belt for the belt conveyor, we can eval-
uate the surface length of the belt.

For the belt conveyor shown in Figure 7.1, the conveyor belt connects the outer
surface of the head pulley and the outer surface of the tail pulley. The belt covers
one half of the circumference of the head pulley. If we know the diameter of the head
pulley, then we can calculate the circumference of the head pulley using equation (7.1)

Ch = X Dh (71)
where

Cy, = circumference of the head pulley
D,, = diameter of the head pulley
7 = approximately 3.141592654

D, Head Tail —Dr
IC DL

I L I

Figure 7.1 Simplified belt conveyor arrangement with different diameters.
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Since the belt only connects to one half of the circumference of the head pulley,
then the length of the belt along the head pulley is found utilizing equation (7.2)

ILhx Gy =1h X XDy (7.2)

Similarly, if we know the diameter of the tail pulley, then we can calculate the
circumference of the tail pulley using equation (7.3)

C,=n XD, (7.3)
where

C, = circumference of the tail pulley (in.)
D, = diameter of the tail pulley (in.)
x = approximately 3.141592654

Since the belt only connects to one half of the circumference of the tail pulley,
then the length of the belt along the tail pulley is

1hX C,=1h X XD, (7.4)
where

C; = circumference of the tail pulley (in.)
D, = diameter of the tail pulley (in.)
7z = approximately 3.141592654

The final remaining amount of conveyor belt needed is twice the distance
between the centerlines of the head and tail pulleys as can be seen in Figure 7.1.
This is defined as

2xL (7.5)
where
L = distance between centerlines of head and tail pulleys (ft)

The reader may realize at this point that the actual length of the conveyor belt
between the center line of the head and tail pulleys is slightly longer than the value of
the distance between the centerlines when the diameters of the heat and tail pulleys
are not the same. However, in cases where the difference in diameter between the
head and tail pulleys is much, much smaller than the centerline to centerline distance
between the pulleys, the centerline to centerline distance is a reasonable estimate of
actual belt length.

The total length of conveyor belt needed is the summation of the amount on the
head pulley plus the amount on the tail pulley, plus the amount between the centerline
of the head and tail pulleys. By combining equations (7.2), (7.3), (7.4) and (7.5), we
find the total length necessary to be

Belt length = (1o x # X D) /12 + (lpx 7w X D)/12+2 X L
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1 C I
Dy, \ Head Tail Dy
I 1
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Figure 7.2 Simplified belt conveyor arrangement with same diameters.

Using distribution we can pull out the constants and simplify the above equation
to

Belt length = {1 X 7 X (D, + D)}/12+2X L (7.6)
where

belt length = in units of feet

Dy, = diameter of the head pulley (in.)

D, = diameter of the tail pulley (in.)

m = approximately 3.141592654

L = distance between centerlines of head and tail pulleys (ft)

Equation (7.6) can be used to determine the minimum belt length necessary for
a conveyor system shown in Figure 7.1. For the special case where the head and tail

pulleys have the same diameter as is shown in Figure 7.2, then equation (7.6) can be
simplified further as shown in equation (7.7).

Belt length = (# X D)) /12 + 2 X L @.7
where

Dy, = diameter of the head pulley (in.)
7 = approximately 3.141592654
L = distance between centerlines of head and tail pulleys (ft)
Example 7.1 Given a belt conveyor where the diameter of the head and tail pulleys

will be 6 in. and the distance between the head and tail pulleys will be 10 ft, determine
the minimum length of conveyor belt needed.

Solution:  Utilizing equation (7.7), we find the minimum belt length to be

belt length = (# X Dy,)/12 + 2 X L

belt length =z X 6 in. (1 ft/121in.) + 2 x 10 ft
belt length = 7 x 0.5 ft + 2 X 10 ft

belt length = 1.6 ft + 20 ft

belt length = 21.6 ft
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The linear speed of the belt is a function of the rotational speed of the head pul-
ley. To convert from rotation speed of the head pulley in revolutions per minute (rpm)
to the linear speed of the belt in feet per minute (FPM), we can use equation (7.1) to
determine the linear speed of the belt and, since diameter is given in inches and belt
speed in feet, we use unit conversion to cancel these units.

V =RPM X (r X D,/ 1 rev) X (1 ft/12 in.)

V =RPM x z x D, /12

Or by combining the constants, we find the equation to determine belt speed
(FPM) for a given head pulley speed (RPM) to be

V =0.2618 X RPM X Dy, (7.8)
where

V = linear speed of conveyor belt (FPM)

RPM = rotational speed of pulley (rpm)

D, = diameter of the head pulley (in.)

In practical application, we will be given the needed belt speed and we need to

determine the head pulley speed. To find head pulley speed, we can simply rearrange
equation (7.8) for head pulley speed as shown in equation (7.9)

RPM = V/(0.2618 X D))
or

RPM = 3.819719 x V/D,, (7.9)
where

V = linear speed of conveyor belt (FPM)
RPM = rotational speed of pulley (rpm)
D, = diameter of the head pulley (in.)
Example 7.2  Given a belt conveyor where the diameter of the head and tail pulleys

will be 6 in., determine the rotational speed of the head pulley necessary to drive the
belt at a linear speed of 94 (FPM).

Solution:  Utilizing equation (7.9), we find that the necessary rotation speed of the
head pulley is

RPM = 3.819719 x V/ D,

RPM =3.819719 X 94 FPM / 6 in.

RPM = 60 rpm

So to drive the belt at a linear speed of 94 FPM given we have pulleys with a
diameter of 6 in., we need to drive the head pulley at a speed of 60 rpm.
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Example 7.3 Given another belt conveyor where the diameter of the head and tail
pulleys will be twice the value given in Example 7.2 or 12 in., determine the rotational
speed of the head pulley necessary to drive the belt at a linear speed of 94 FPM.

Solution:  Utilizing equation (7.9), we find that the necessary rotation speed of the
head pulley is

RPM = 3.819719 x V/ Dy,
RPM = 3.819719 X 94 FPM / 12 in.
RPM =30 rpm

So to drive the belt at a linear speed of 94 FPM, given we have pulleys with a
diameter of 12 in., we need to drive the head pulley at a speed of 30 rpm.

Examples 7.2 and 7.3 show an important relationship between pulley diameter
and head pulley speed for a given belt speed. We found that to keep belt speed con-
stant, as we increase the diameter of the head pulley, the rotational speed of the head
pulley decreases proportionally. Now let us revisit Figure 7.1 where the two pulleys
are of different diameter. If our belt speed in Figure 7.1 is 94 FPM and the head pul-
ley is 6 in. in diameter and the tail pulley is 12 in. in diameter, what is the rotational
speed of the head pulley and tail pulley? From Example 7.2, we see that the head
pulley with a diameter of 6 in. is rotating at a speed of 60 rpm and from Example 7.3,
we see that the tail pulley with a diameter of 12 in. is rotating at a speed of 30 rpm.
This shows us the relationship for a given belt speed that as we increase the diameter
of a pulley, the rotational speed of the belt decreases or

(for constant belt velocity) RPM; /RPM, = D, /D, (7.10)

RPM = rotational speed of pulley (rpm)
D = diameter of the pulley

Similarly, from the fact that belt velocity is proportional to speed and pulley
diameter, we find that, for a given pulley speed, the velocity of the belt is directly
proportional to the diameter of the pulley.

(for constant pulley speed) V,/V, = D, /D, (7.11)

V = linear speed of conveyor belt (FPM)
Dy, = diameter of the pulley

Similarly, from the fact that belt velocity is proportional to speed and pulley
diameter, we find that, for a given pulley diameter, the velocity of the belt is directly
proportional to the speed of the pulley.

(for constant pulley diameter) V,;/V, = RPM, /RPM, (7.12)

V = linear speed of conveyor belt (FPM)
RPM = rotational speed of pulley (rpm)
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The flow rate of the material on the belt conveyor is proportional to the speed
of the belt, assuming the amount of material per unit length does not change as we
change the belt speed. Belt conveyors ideally are constant-torque loads. Constant
torque means that as the belt is increased or decreased in speed, the amount of torque
required to drive the material is constant. Since the flow rate of material increases or
decreases in direct proportion to the speed of the machine, we can mathematically
express this as

01/Q,=ViVa (7.13)
where
Q, = flow through conveyor at speed V

Q, = flow through conveyor at speed V,
V, or V, = linear speed of conveyor (FPM or linear feet per minute)

As mentioned previously, the amount of torque demanded by the conveyor is
independent of the speed of the conveyor. Since power is the product of torque and
speed, the power requirement for a conveyor is increased or decreased in direct pro-
portion to the change of speed. This is mathematically expressed as

P[Py =V,/V, (7.14)
where

P, = power drawn by the conveyor at speed V;
P, = power drawn by the conveyor at speed V,
V, or V, = linear speed of conveyor (FPM)

Example 7.4 Given a belt conveyor where the initial feed rate is 100 tons per hour
(tph) at a belt speed of 50 LFPM, that is pulling 100 kW of power, if we change the
motor speed such that the new belt speed is 100 FPM, calculate the following.

a. The new value for feed rate

b. The new value for power

Solution:
a. Utilizing equation (7.13);
Q110 =V 1V
Rearranging

Q=0 (V,/Vy)
0, = (100 tph) (100 FPM) / (50 FPM)
0, =200 tph
b. Utilizing equation (7.14);
P /P,=V IV,
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Rearranging
P,=P1V,/V,
P, = (100 kW) (100 LFPM) / (50 LFPM)
P, =200 kW

The amount of energy required to move an object over a distance is the product
of the applied force on the object and the distance that the object is moved. Since
power is the rate at which energy is used or work is done, the amount of power
required to move an object over a distance is the product of the applied force on
the object and the rate of change of distance that object is moving (or speed of the
object). The equation that relates the weight of the material on the conveyor belt and
the velocity that the belt is moving is

P = (FxV)/33,000 (7.15)
where
P = the power required to drive the conveyor (HP).
F = effective tension of belt to drive system (Ibm)
V = velocity or speed of the conveyor (FPM)

The value of 33,000 is needed for unit conversion. We have units of HP on the
left side of equation (7.15) and we have units of ft Ibm/min on the right side of the
equation. By definition, one HP is defined as 550 foot-pounds per second (ft Ib/sec)
or 33000 foot-pounds per minute (ft Ib/min), so the factor of 33,000 takes care of our
unit conversion.

Example 7.5 Given a belt conveyor with a linear velocity of 5000 FPM and a belt
tension of 400 1b, calculate the power required to run this conveyor at steady state
speed.

Solution:  Using equation (7.15), we find the power to be as follows.

P = (FxV)/33,000

P =400 1b 5000 FPM / 33,000

P =60 HP

The amount of power required to drive the load can also be derived from the
torque and rotational speed of the drive pulley. The amount of power to rotate an
object is the product of the torque applied to the pulley and the rotational speed of

the pulley. The equation that relates the torque applied to the pulley and the rotational
speed of the pulley is

P = (T x RPM) /63,025 (7.16)
where
P = power required to drive the conveyor (HP)

T = Torque applied to the pulley (in. 1b)
RPM = rotational speed of the pulley (rpm)
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The value of 63,025 is needed for unit conversion. The value of 63,025 comes
from the fact that we have units of HP on the left side of equation (7.16) and we have
units of in. lbm rev/min on the right side of the equation. By definition, one HP is
defined as 550 foot-pounds per second (ft Ib/sec) or 33,000 foot-pounds per minute
(ft Ib/min) or 396,000 inch-pounds per minute (in. Ib/min). Therefore, if we divide
the right side of equation (7.16) we will have units of HP rev. Now we just need to
take care of the units of revolutions. We can use the identity that one revolution is
equal to 2 X x radians and we can achieve this by multiplying the right-hand side
by the identity that (2 z radians / 1 rev). This will now provide us with units of HP
on both sides. Summarizing, if we multiply by 2 X z radians / rev and divide by
396,000 inch-pounds per minute (in. Ib/min), we wind up with our desired units of
HP. We can simplify 396,000 / (2 r) as a single number of 63,025 which is shown in
equation (7.16).

If we assume an ideal system with no losses between the power used to drive
the head pulley and the power required to move the material along the conveyor, we
can combine equations (7.15) and (7.16) to find the relationship between conveyor
linear power (force and velocity) and conveyor rotational power (torque and rotational
speed) as follows.

TXRPM « FXV (7.17)

T = torque applied to the pulley (in. 1b)

RPM = rotational speed of the pulley (rpm)

F = effective tension of belt to drive system (Ibm)
V = velocity or speed of the conveyor (FPM)

The effective tension is the summation of all the individual physical compo-
nents that present tension or resistance to the belt movement. Some of these factors
that create forces on the conveyor belt are the weight of the load on the conveyor, the
friction of the components that support and drive the conveyor such as rollers and
gear reducers, the frictional resistance of the material being conveyed, and the force
required to move a material continuously as it is fed onto and off of the conveyor.

Equation (7.17) provides the necessary power to drive the conveyor at steady
state but does not address the amount of energy and, therefore, power to accelerate
the conveyor from a stopped condition to a full-speed condition and the design of the
conveyor should account for the required acceleration energy or torque for the con-
veyor system. To ensure adequate starting torque from the motor, the motor-locked
rotor torque value should be designed to exceed the sum of the required torque to lift
the material and twice the torque required to overcome total conveyor friction. As
mentioned in Chapter 17 on motors, the torque of the motor on the motor data sheet
is defined at nominal voltage and, as the motor voltage is reduced, the torque at any
given slip speed reduces by the square of the reduction of voltage. Therefore, this
analysis should be done looking at the worst-case voltage drop to the motor during
the starting process and, thereby, the worst-case available motor torque value.
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Also, as mentioned in Chapter 17 and shown in Figure 17.17, the motor torque-
speed curve should not drop below the load-torque curve line, or the motor will not
be able to successfully start the conveyor under those conditions.

The tension on the belt should be maintained at a value to limit the sag on the
belt to prevent material spillage. Historical data indicates that, for belt sags greater
than 3% of the span between the belt idlers, the load spillage becomes significant.
Equations (7.18), (7.19), and (7.20), define the minimum tensions for a 3% sag, 2%
sag, and 1.5% sag given a certain idler spacing and belt and material weight. (for
specification applications, refer to vendor provided methods for calculation of belt
sag).

T(3% sag) =425, W (7.18)
T(2% sag) = 6.25 ;W (7.19)
T(1.5% sag) = 8.4 S, W (7.20)

where

W = weight of belt and material (Ib/ft)

S; = idler spacing (ft)

T = tension in belt (Ib)

T(3% sag) = tension in belt for 3% sag in belt between idlers (Ib)
T(2% sag) = tension in belt for 2% sag in belt between idlers (Ib)
T(1.5% sag) = tension in belt for 1.5% sag in belt between idlers (Ib)

Example 7.6 For abelt with an idler spacing of 2 ft and a combined belt and material
weight of 100 1b/ft, calculate the tension in the belt for maximum sag of 3%.

Solution:  Using equation (7.18), we find the following.

T(3% sag) =4.2S; W
T(3% sag) = 4.2 (2 ft) (100 1b/ft)
T(3% sag) = 840 b

Example7.7 Forabelt with an idler spacing of 2 ft and a combined belt and material
weight of 100 1b/ft, calculate the tension in the belt for maximum sag of 2%.

Solution:  Using equation (7.19), we find the following.

T(2% sag) = 6.25S; W
T(2% sag) = 6.25 (2 ft) (100 1b/tt)
T(2% sag) = 1250 1b

Example 7.8 For abelt with an idler spacing of 2 ft and a combined belt and material
weight of 100 1b/ft, calculate the tension in the belt for maximum sag of 1.5%.
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Solution:  Using equation (7.20), we find the following.

T(1.5% sag) = 8.4 S; W
T(1.5% sag) = 8.4 (2 ft) (100 1b/ft)
T(1.5% sag) = 1680 Ib

The idler spacing should be designed to maintain a maximum of 3% sag when
the belt is operating under normal load and maintain a maximum of 4.5% sag when
the belt is at standstill. Additional to the requirements for idler spacing for correct belt
tension and sag, the idler spacing should never exceed the idler load ratings provided
by the manufacturer.

A special application of the belt conveyor is the typical coal feeder belt (called
a gravimetric feeder) in the power generation station that uses coal for its fuel source.
These conveyors are designed with scales integrated into the control of the conveyor.
As the material passes over the scale on the belt, the material is weighed so that the
mass of coal that is being fed to the pulverizer is monitored and measured. Since this
represents the mass (Ibm) of fuel being provided to the pulverizer and burner, if we
know the heating value of the coal (BTU/Ibm), then we accurately can calculate the
amount of energy (BTU) we are providing to the mills and thus into the furnace.

In the power generation facility, trippers are commonly used to discharge the
material on belt conveyors into their final destination which is a hopper or allow
material to bypass the hopper if material is to be fed to another location. As shown
in Figure 7.3, a diverter gate is utilized to direct material flow either through the
bypass chute or through the discharge chute depending on if the tripper is in discharge
or bypass mode. The tripper is provided on rails so that it can move from hopper
to hopper and discharge the material into the hopper. The position of the tripper is
indicated by limit switches along the conveyor or by the use of a radar or laser distance

2 Roller Roller

Diverting gate

Conveyor Diverting gate - I\
[%]
Roller Conveyor sel @6 59
=] @» 3
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Roller | . Roller |
r A D\vert‘ng gate \O o/ﬁng gate
Discharge mode Bypass mode

Figure 7.3  Typical tripper arrangement.
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sensor. The tripper elevates the conveyor and discharges the material into the hoppers
below and the diverter gate determines if the material is discharged into the bin under
the tripper or if the bin below is bypassed by dumping the material back onto the
conveyor belt.

Starting a Belt Conveyor

While the starting torque for the conveyor needs to be adequate to successfully start
the conveyor, sudden changes in torque on the conveyor belt can lead to reduced
equipment life and additional material spillage issues. There are several methods
available to smoothly control the change in belt torque during the acceleration pro-
cess. Please refer to Chapter 17 on motors for information on methods of reducing
motor starting torque.

PNEUMATIC CONVEYOR SYSTEMS

Pneumatic conveyors make use of compressed air to transport a material to a desired
location through a system of pipes. A common utility generation station application is
the conveyance system that supplies the furnace with pulverized coal. The pulverizer
reduces the particle size of the coal and the primary air fan provides the air required
to transport the pulverized coal from the mills to the burners in the furnace section via
coal pipes. In pneumatic conveyors the material being transported is usually a very
light material that is easily entrained in the air stream.

ROTARY SCREW CONVEYOR SYSTEM

A rotary screw conveyor uses a rotating helical screw or auger assembly to trans-
port material from one side of the conveyor to the other side. The auger assembly is
contained inside a pipe and material is collected in the blades of the screw. As the
shaft turns the rotary screw, the material is captured by the rotary screw and mate-
rial is forced from one end of the pipe to the other end of the pipe. The speed of
rotation of the shaft of the helical screw defines the flow rate through this conveyor.
Screw conveyors are used with a variable speed motor or variable frequency drive
when control of the volume of material is desired. One of the greatest advantages of
this conveyor over the belt conveyor is that the rotary screw conveyor can be used to
transport materials both vertically as well as horizontally.

VIBRATING CONVEYOR SYSTEM

Vibrating conveyors are commonly used when, in addition to transporting materials
from one system to another, the material must be sorted or classified. One example
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of this is slag treatment. The slag material is ground down to a small size such that
the material can be sold and used in processes such as sand blasting operations. A
vibrating screen (combination conveyor and classification screen) is used to perform
this type of operation. The raw slag is placed on the vibrating screen. As the slag
byproduct is transported between locations, the wire mesh of the vibrating screen
allows the finer particles to fall under the vibrating screen and these are transported
to their storage facility. The particles that are too large to fit through the wire mesh
will be delivered to a grinder where the particle size is reduced and then the grounded
slag is resent to the source side of the vibrating conveyor screen for reprocessing.

There are numerous other conveyor systems in use, but the belt conveyor sys-
tem, pneumatic conveyor system, vibrating screen conveyor system, and the rotary
screw conveyor system are the most common in the power generation facility.

CONVEYOR SAFETY

To ensure accident-free conveyor operation, use the following procedures.

1. Inspect all interlocks and safety devices prior to starting the conveyor.
2. Verify that all warning plates are in place.

3. Establish continuous communications between remote locations and the central
control location.

4. For safety, it is recommended that at least two people be at any one location.
This is to ensure that, if one person becomes incapacitated due to injury, the
second person can act to ensure the safety of the first individual.

GLOSSARY OF TERMS

* Axle — A non-rotating shaft on which wheels or rollers are mounted.
* Bearing — A machine part in or on which a shaft, axle, pin, or other part rotates.

* Belt — A flexible band placed around two or more pulleys for the purpose of
transmitting motion, power or materials from one point to another.

* Belt Conveyor — A conveyor belt consists of two or more pulleys, with a con-
tinuous loop of material — the conveyor belt — that rotates about them.

* Belt Speed — The length of belt, which passes a fixed point within a given time.

¢ Chain Conveyor — Any type of conveyor in which one or more chains act as the
conveying element.

* Conveyor Drive — An assembly of the necessary structural, mechanical, and
electrical parts which provide the motive power for a conveyor.

* Drive Pulley — A pulley mounted on the drive shaft that transmits power to the
belt with which it is in contact.
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Emergency Pull Cord — Cord that runs along the side of the conveyor that can
be pulled at any time to stop the conveyor.

Emergency Stop Switch — Electrical device used to stop the conveyor in an
emergency.

Pneumatic Conveyor Systems — A conveyor which transports dry, free-flowing,
granular material in suspension.

Roller — A round part free to revolve about its outer surface. The face may be
straight, tapered or crowned. Rollers provide the rolling support for the load
being conveyed.

Rotary Screw Conveyor System — A duct along which material is conveyed
by the rotational action of a spiral vane which lies along the length of
the duct.

Vibrating Conveyor System — A feeder for bulk materials (pulverized or granu-
lated solids), which are moved by the vibration of a slightly slanted, flat vibrat-
ing surface.

PROBLEMS

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

Given a belt conveyor where the diameter of the head and tail pulleys will be 18 in.,
determine the rotational speed of the head pulley necessary to drive the belt at a linear
speed of 94 FPM.

Given a belt conveyor where the initial feed rate is 10 tons per hour (tph) at a belt speed
of 20 LFPM that is pulling 10 kW of power, if we change the motor speed such that the
new belt speed is 40 LFPM, the new feed rate.

Given a belt conveyor where the initial feed rate is 10 tons per hour (tph) at a belt speed
of 20 LFPM that is pulling 10 kW of power, if we change the motor speed such that the
new belt speed is 40 LFPM, the new power drawn at the new speed.

Given a belt conveyor where the initial feed rate is 10 tons per hour (tph) at a belt
speed of 20 LFPM, that is pulling 10 ft Ibm of torque, if we change the motor speed
such that the new belt speed is 40 LFPM, calculate the new value of toque delivered by
the motor.

Given a belt conveyor with a linear velocity of 10,000 FPM and a belt tension of 500 1b,
calculate the power required to run this conveyor at steady state speed.

For a belt with an idler spacing of 3 ft and a combined belt and material weight of 500
Ib/ft, calculate the tension in the belt for a maximum sag of 3%.

For a belt with an idler spacing of 3 ft and a combined belt and material weight of 500
Ib/ft, calculate the tension in the belt for a maximum sag of 2%.

For a belt with an idler spacing of 3 ft and a combined belt and material weight of 500
Ib/ft, calculate the tension in the belt for a maximum sag of 1.5%.
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CHAPTER 8

FANS

GOALS

¢ To understand the basic design of axial and radial fans

* To calculate the amount of air power associated with a given value of volume
and differential pressure

* To build a fan system curve and identify the operating point

¢ To utilize the centrifugal fan laws to calculate change in fan flow, differential
pressure, and/or power

FANS ARE widely utilized in power generation stations to move compress-
ible gasses such as atmospheric air to various systems in the plant. Some of the
larger fan applications are the forced draft (FD), induced draft (ID), primary air (PA),
booster and gas recirculation fans.

The power (rate of energy utilization) of a fan is a product of the flow through
the fan and the change in pressure (developed head) across the fan. Since air is a
compressible media, there is also a factor that takes into account the compressibility
of air. These three factors are described mathematically by the following formula.

Ideal Air HP = (k x V X H) /6356
where

k = compressibility factor
V = volume or flow (CFM)
H = head (in. H,0)

The value of 6356 is necessary for the conversion of units from units of
(CFM) X (in. H,O) to units of HP, where CFM is cubic feet per minute. One HP
is equivalent to 746.7 W, so to convert from HP to watts, we multiply the HP value
by a value of 746.7. One watt is equivalent to (1/47.82) (CFM X atm), so 1 HP is
equivalent to (746.7/47.82) (CFM X atm) or 1 HP is equivalent to (15.6) (CFM X
atm), where atm is 1 atmosphere of pressure. Notice that the units are now in the

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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form of the product of units of (CFM) which is a unit of volumetric flow and units
of (atm) which is a unit of differential pressure. This is as expected since we know
that mechanical power is the product of flow through a piece of equipment and the
differential pressure across the piece of equipment and we have an equation with
units of power on one side and the product of units of differential pressure and flow
on the other side. Lastly, we need to convert the units of differential pressure from
units of (atm) to units of (in. H,O). 1 (atm) is equivalent to 407.189 (in. H,0), so 1
HP is equivalent to ({407.189x746.7}/47.82) (CFM X in. H,O) or 1 HP is equivalent
to (6356) (CFM X in. H,0).

The equation for ideal air HP is the ideal amount of mechanical power, but
there are inefficiencies to a fan system due to various losses such as friction. These
losses are accounted for by the addition of an efficiency term. This gives us the final
equation for mechanical fan power as shown in equation (8.1).

Air HP = (kX V X H) /(6356 X eff) (8.1)
where

k = compressibility factor
V = volume or flow (CFM)
H = head (in. H,0)

eff = mechanical efficiency

The compressibility factor (k) is an experimentally defined term and is a func-
tion of the differential pressure across the fan and the design of the fan. The compress-
ibility factor for a fan application changes as the change in pressure across the fan
is changed. Since air is a compressible media, as the difference in pressure increases
across the fan, the air is compressed and this affects the amount of air power (HP)
mechanically that is provided by the fan as shown in equation (8.1).

CENTRIFUGAL FAN (RADIAL AIRFLOW)

There are several types of centrifugal fan blade designs as demonstrated in Figure
8.1 and different designs have different benefits and drawbacks as described by Table
8.1 Centrifugal fans direct the airflow radially away from the center of the fan along
the radius of the fan utilizing radial blades, thus the term radial airflow. There are
several designs for the blades each with certain efficiency and erosion susceptibility.

The design of the blade affects both the efficiency of the fan and the tolerance
for erosion from particulate matter in the air stream. Table 8.1 describes both the
efficiency of the design as well as the erosive tolerance of the blade design.

For an air stream that has little particulate, such as a booster fan downstream
of a bag house or precipitator, the airfoil design might be better choice since it has
higher efficiency providing reduced power requirements for a certain airflow and dif-
ferential pressure. At the same time the airfoil design has the low tolerance for ero-
sion but that is not as much of an issue with the low amount of particulate matter in
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Forward curved

Radial tipped Airfoil

Figure 8.1 Types of centrifugal fan blade designs. Source: Reproduced with permission of
Tampa Electric Company. Reproduction is forbidden without the express consent of Tampa
Electric Company.

the air stream downstream of the ash collection system (bag house or precipitator).
However, if the fan is to be used as a gas recirculation fan that is taking exhaust air
directly from the economizer section (with a high ash content) and re-injecting it into
the FD air stream, this air stream may contain higher amounts of particulate mat-
ter and, as such, the fan design should have a very high tolerance for erosion. In this
application, a radial tipped fan blade design would be a better choice. Even though the

TABLE 8.1 Comparison of Centrifugal Fan Tip Design Efficiencies and Erosion Tolerances

Blade Type Efficiency (%) Erosive Tolerance
Radial tipped 60-70 High

Forward curved 45-60 Medium
Backward curved 75-85 Medium

Airfoil 80-90 Low

Source: Reproduced with permission of Tampa Electric Company. Reproduction is forbidden without the express consent
of Tampa Electric Company.
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efficiency is lower for the radial tipped fan blade design, the higher erosive tolerance
may lead to reduced maintenance costs and higher equipment availability over the life
of the fan.

In the typical arrangement of a centrifugal fan, air is admitted on the side of
the fan housing and enters the center of the fan blade at the inside diameter of the
fan blades. The blades of the fan add kinetic energy to the air in the impeller section
of the fan increasing the speed of the air and directing the air in a radial direction
away from the fan rotor. The air mass is directed toward the discharge duct work
where the kinetic energy (velocity) is converted to potential energy (pressure). This
movement of air from the inside diameter to the outside diameter of the fan creates
a low pressure area at the inside diameter of the fan blade drawing in more air to the
suction side of the fan. The amount of flow is controlled either by an inlet guide vane
assembly, by varying the speed of the shaft which can be accomplished via a variable
speed drive controlling the speed of the motor, a variable slip clutch drive between
motor and shaft, or a special design motor such as wound rotor motor. Motor speed
controls are covered in detail in Chapter 17 covering motors. In this section, we will
discuss airflow control utilizing discharge damper control.

With discharge damper control, flow is controlled by changing the system resis-
tance. Flow is reduced by closing the discharge damper and flow is increased by
opening the discharge dampers. Adjustment of the discharge damper also changes
the differential pressure across the fan as well as flow through the fan. Since power is
the product of flow and differential pressure, this affects the mechanical power drawn
by the fan and is defined by the intersection of the fan performance curve and the sys-
tem curve and this point is known as the point of operation. Initially the increase in
pressure has greater effect than reduction in flow and this has the effect of increasing
HP requirement to a certain point in the fan curve. Below this point, the reduction in
flow exceeds the increase in pressure and the HP requirement actually drops.

Looking at Figure 8.2, we can discuss the difference between discharge damper
flow control and variable speed flow control and how these two control methods
affect the power requirements of the fan. Assuming an initial flow of about 3x ACFM
(actual cubic feet per minute) on the curve in Figure 8.2, we see that the static pres-
sure rise across the fan is about 6.5 in. H,O. The unit of inches of water (in. H,O) is
defined as the differential pressure across a column of water that is one inch high, for
water density at standard temperature and pressure (density of about 1.00).

This is shown as point A in Figure 8.2. If we want to reduce flow, we can close
the discharge damper in series with the fan to increase system resistance to airflow.
This changes the operating point along the system operating curve to a new value
shown as Point B Figure 8.2. Now the fan static pressure has increased to about 7.5
in. H,O, but the flow has been reduced to about 2.5 ACFM. If we want to increase
flow, we can open the discharge damper in series with the fan to decrease the system
resistance to airflow. This new operating point is shown as point C in Figure 8.2. Now
the fan static pressure has decreased to about 5 in. H,O, and the flow has increased
to about 3.5 ACFM.

Going back to equation (8.1), we see power is proportional to both flow and
head. Restating this, the power required is the area under the operating curve as it is
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Figure 8.2 Chart showing fan system curve for three system resistance values that depend

on damper position with constant fan speed. Source: Richard C. Dorf, 1995. Reproduced with
permission of Taylor & Francis Group LLC Books.

the product of flow and head. The value of mechanical power for each of the three
operating flow points is shown in Figure 8.3.

Alternatively, if we keep inlet guide vane position or damper position at the
same position to keep the system resistance line the same, but we reduce or increase
the speed of the fan, this will change the fan differential pressure. Since the system
resistance curve does not change, but the fan differential pressure changes, the system
operating point will lie in the intersection of the system resistance curve and the fan
differential pressure curve for the speed at which the fan is operating. This is shown in
Figure 8.4. Now the fan static pressure response is different and, as such, the power
drawn by the fan when using variable speed control is different than when using
damper or inlet guide vane control. Looking at Figure 8.4, we can assume an initial
operating point at point A. Assuming an initial flow of about 3 ACFM on the curve in
Figure 8.4, we see that the static pressure is about 6.5 in. H,O. This is shown as point
A on Figure 8.4 which is at the intersection of the system resistance line and the fan
curve at a speed of Y rpm. If we want to reduce flow down, we can reduce the speed
of the fan by 100 rpm. This new operating point (Y — 100 rpm) is shown as point E in
Figure 8.4. Now the fan static pressure has reduced to about 5.5 in. H,O, and flow has
reduced to about 2.8 ACFM. If we want to increase flow, we can increase the speed
of the fan to a value of Y 4+ 100 rpm. This new operating point is shown as point D
in Figure 8.4. Now the fan static pressure has increased to about 7.5 in. H,O, and the
flow as increased to about 3.2 ACFM.

Again, going back to equation (8.1), we see power is proportional to both flow
and head. Restating this, the power required is the area under the operating curve as it
is the product of flow and head. With the flow control by speed, when flow is reduced,
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permission of Taylor & Francis Group LLC Books.

static head is reduced. Since power is proportional to both flow and head, power is
reduced substantially. With damper or inlet guide vane control, with a reduction in
flow, power is reduced. However, since the reduction of flow occurs with an increase
in static head, the reduction of power is less dramatic.

The value of mechanical power for each of the three operating flow points is
shown in Figure 8.5.

In the above discussion, we discussed only outlet damper control of flow and
not inlet guide vane control. In reality, there is a substantial difference in the system
resistance curve when using outlet damper versus inlet guide vane control. Outlet
damper control always has higher power requirement at any reduction of flow than
other two methods of flow control. When normal operational speed is between 80%
and 100% of full speed, the variable speed control and variable inlet vane control both
have about the same power requirements. Since inlet guide vane control is simpler
to implement and less costly, this is the method of flow control used when the flow
does not normally drop below 80%. In applications that may spend many operational
hours below the 80% threshold, variable speed control is chosen due to the substantial
reduction in power requirements at these low flow conditions.

In addition to the above discussion, speed control for the motor has the addi-
tional benefits of reduction of erosion on fan blades when operating at lower speeds.
Also, if an electronic variable frequency drive is used, it will tend to reduce the
mechanical shock of starting the fan and, depending on drive design, may remove the
fan motor short circuit contribution from the upstream bus during a fault condition.
Additionally, damper controls tend to be more noisy than variable speed controls. The
air restriction of a damper tends to enhance the noise of airflow.
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In addition to the option of electronic variable frequency drive control of the
motor for speed control as discussed above, the options of using a fluid drive, multiple
speed motor, or steam turbine also allows for variable speed of the fan and control of
airflow.

AXIAL FAN (AXIAL AIRFLOW)

Another type of fan technology is the axial fan. While in the centrifugal fan design,
the airflow is perpendicular or radial to the shaft of the fan, in the axial flow fan, the
airflow is parallel to the shaft of the fan. Airflow is directed to the inlet of the fan
housing and flow follows the shaft of the fan. Unlike the centrifugal fan, the blades of
the axial flow fan are airfoil-type blades and the construction of the assembly is such
that the pitch of the airfoil blades is controlled. By increasing the pitch of the airfoil
blades, the airflow can be increased and by reducing the pitch of the airfoil blades,
the airflow can be reduced for a specific motor speed. Some of the drawbacks to the
axial flow fan as compared with the centrifugal fan designed for radial airflow are
that this design has the additional mechanical linkage to be able to adjust the pitch
of the blades on the rotating shaft of the fan and requires more maintenance than the
centrifugal fan with inlet guide vane control. The airfoil blades are mounted on the
rotor (rotating) of the fan assembly, but the controls are mounted on the stationary
part of the fan and linkages must allow for connection between these two assemblies.
With the inlet guide vane control of the centrifugal fan assembly, both the inlet guide
vanes and controller are mounted stationary which simplifies interconnection. Also
the axial fan does not lend itself well to damper control as the additional system
impedance of a damper would provide increased fan power requirements. Lastly, the
axial flow fan has low tolerance for erosion and must be used with relatively clean air
due to the use of the airfoil fan blades. See Table 8.1 for tolerance of airfoil blades to
erosion.

One of the benefits of the axial flow fan technology is that, since axial fans
use the airfoil blades, they tend to be much more efficient than the centrifugal fan. A
greater efficiency means that, for a given required amount of mechanical power out
of the fan, less power is needed to be supplied to the fan motor for the same flow and
differential pressure requirements. Additionally, the function of blade pitch to airflow
on an axial flow fan is a linear function. By comparison, the function of inlet guide
vane position to flow on a centrifugal fan is a nonlinear function.

CENTRIFUGAL FAN FUNDAMENTAL LAWS

As we discussed previously, the power required by a centrifugal fan is proportional
to the volume of air through the fan, the pressure across the fan and the compress-
ibility factor which takes into account the change in density of the air as the pressure
changes through the fan (reference equation 8.1). For a centrifugal fan design with
radial airflow, the centrifugal fan laws define for us the change in flow, pressure, and
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power as we change other fan parameters. They define that, for a given size fan, sys-
tem resistance, and air density, if we change speed or pressure, the other parameters
change as shown below.
Fan Laws
1. For given fan size, system resistance, and air density
* When speed varies
o Flow varies directly with speed
o Pressure varies to square of speed
o Power varies to cube of speed
* When pressure varies
o Flow varies as the square root with pressure
o Speed varies as the square root with pressure

o Power varies by a factor of 1.5

Remember when pressure is increased, density increases and when temperature
increases, density decreases. Therefore, when a fan undergoes air density changes
(due to either pressure or temperature change) the following relationships apply.

Fan Laws — Density Changes
2. For constant pressure

¢ Speed, flow, and power vary as the square root of density (directly for pres-
sure, inverse for temperature)

3. For constant flow and speed

¢ Power and pressure vary directly to density (directly for pressure, inverse for
temperature)

4. For constant flow
* Capacity, speed, and pressure vary inversely to density

¢ Power varies inversely as square of density

Defined mathematically, we find the fan laws to be:
When speed is varied

Fi/Fy « Ni/N, (8.2)
Py/Py & (N/N,)? (8.3)
HP,/HP, « (N,;/N,)? (8.4)
When pressure is varied
F\/Fy « (P\/Py'/? 8.5)
Ni/Ny  (Py/Py'/? (8.6)

HP,/HP, « (P,/P,)3/? (8.7)
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When density is varied and pressure constant

N,/N, « (D;/Dy)!/? (8.3)
F,/F, « (D;/Dy)'/? 8.9)
HP,/HP, « (D,/D,)'/? (8.10)

When density is varied and flow and speed are constant

Pl/P2 O(D]/Dz (811)
HP, /HP,  D,/D, (8.12)

When density is varied and flow is constant

NI/NZ X D2/D1 (814)
Pl/P2 X D2/D1 (815)
HP, /HP, « (D,/D,)? (8.16)
where
F = flow (CFM)

P = pressure (in. H,O)

HP = power (HP)

N = speed (rpm)

D = density or mass per unit volume (Ib/ft3)
C = capacity (CFM)

GLOSSARY OF TERMS

¢ Air Velocity — Rate of speed of an airstream, expressed in feet per minute or
FPM.

¢ Axial Flow — In-line air movement parallel to the fan or motor shaft.

¢ Centrifugal Fan — A fan design in which air is discharged perpendicular to the
wheels rotational axis.

¢ Curve, Fan Performance — A graphic representation of static or total pressure
and fan BHP requirements over an airflow volume range at a stated inlet density
and fan speed.

¢ Curve, System — A graphic representation of the pressure versus flow charac-
teristics of a given system and density.

¢ Damper — An accessory to be installed at the fan inlet or outlet for air-volume
modulation.

¢ Fan Laws — Theoretical constant relationships among flow, speed, pressure, and
power for a given fan used in a given system.
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Forced Draft — A fan supplying air under pressure to the fuel burning equip-
ment. Typically on the air intake side of the boiler.

Impeller — Another term for fan “wheel.” The rotating portion of the fan
designed to increase the energy level of the gas stream.

Impingement — Striking or impacting, such as material impingement on a fan
wheel.

Induced Draft — A fan removing air from a boiler. Typically on the air discharge
side of the boiler.

Point of Operation — The intersection of a fans static pressure curve and the
system curve to which the fan is being applied.

Radial Blade — Fan wheel design with blades positioned in straight radial direc-
tion from the hub.

Rotor — The rotating part of most motors and fans.

System, Gas flow — A series of ducts, conduits, elbows, filters, diffusers, etc.,
designed to guide the flow of air, gas, or vapor to and from one or more loca-
tions. A fan provides the energy necessary to overcome the system’s resistance
to flow and causes air or gas to flow through the system.

PROBLEMS

8.1

8.2

8.3

Using equation (8.1), given that the needed volume of a fan application is 100,000 CFM
and the pressure difference across the fan is 20 in. H, O, the ideal air HP of the fan is most
closely what value? For this problem, assume a compressibility factor of 1 and assume
the fan is 100% efficient.

A. 210 Air HP
B. 315 Air HP
C. 385 Air HP

D. 410 Air HP

Given the centrifugal fan laws in the chapter, for a given fan size, system resistance, and
air density, as fan speed is reduced by a factor of 2, fan power is reduced by a factor of
A, 2

B. 4

C. 8

D. 16

E. 1.414 (square root of 2)

Given the centrifugal fan laws in the chapter, for a given fan size, system resistance, and

air density, as fan speed is reduced by a factor of 2, fan pressure is reduced by a factor
of

A. 2
B.
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C. 8
D. 16
E. 1.414 (square root of 2)
8.4 Given the centrifugal fan laws in the chapter, for a given fan size, system resistance and
air density, as fan speed is reduced by a factor of 2, fan flow is reduced by a factor of
A, 2
B. 4
C. 8
D. 16
E. 1.414 (square root of 2)

8.5 Which fan design has the highest efficiency?
A. Radial tipped
B. Forward curved
C. Backward curved
D. Airfoil

8.6 Which fan design has the highest tolerance for erosion?
A. Radial tipped
B. Forward curved
C. Backward curved
D. Airfoil

8.7 For an axial flow fan, what is the most common method of controlling airflow?
A. Discharge damper
Inlet damper

Inlet guide vanes

o 0w

. Controlling blade pitch
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CHAPTER 9

PUMPS

GOALS

¢ To understand the basic design of centrifugal, axial, and positive displacement
pumps

* To build a pump system curve and identify the operating point

¢ To calculate pump mechanical power, given the flow, suction, and discharge
pressure

¢ To calculate pump efficiency

* To calculate net positive suction head required to prevent cavitation

P UMPS ARE used to deliver energy to a fluid, which increases the discharge
pressure or head of the pump. This pressure is then used to move the fluid from one
point to another.

There are three main types of pumps used in the power generation facility.
These are the centrifugal pump, the axial flow pump, and the positive displacement
pump. By far, the most common of these is the centrifugal pump and this will be
discussed in detail. The axial flow pump and positive displacement pumps will also
be briefly addressed in this chapter.

SYSTEM RESISTANCE CURVES

The amount of pressure or head that a pump must develop to deliver a certain amount
of flow is determined by the system resistance to flow that the pump is connected to.
To produce flow, the pump must first develop sufficient pressure to overcome the static
pressure and frictional losses at the discharge of the pump that the system imposes
on the pump. This is defined by the system resistance curve. The system resistance
curve is plotted on a chart where the flow is on the horizontal axis and the head or
pressure on the vertical axis.

The system described by Figure 9.1 depicts a very basic pump application. It
shows two tanks at the same elevation with the same fluid level in both tanks. Since the

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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h Head

hi=K Q2 _r

Friction loss in pipe

v

Flow Q
Figure 9.1 Pump system resistance with zero differential head and no throttling. Source:

Reproduced with permission of Tampa Electric Company. Reproduction is forbidden without
the express consent of Tampa Electric Company.

suction and discharge side head or pressure is the same, the pump must only overcome
the frictional losses in the pipe, valves, and fittings to achieve flow. Those losses vary
with the square of flow as shown on the flow versus head chart in Figure 9.1.

When a valve is placed in the discharge path of the pump and is used to control
flow, this affects the system resistance curve. When the position of the valve in the
flow path changes, the resistance of the system to flow also changes. Reducing the
opening of the valve increases system resistance and increasing the opening of the
valve decreases system resistance. The losses of the system still vary with the square
of flow, but now the additional resistance of the discharge valve changes the slope of
the curve as shown in Figure 9.2. With the value fully open (100%), the discharge
head is low and the flow is high. With the value partially closed (50%), the discharge
head is increased and the flow is reduced.

Now that we have added flow control to the standard pump configuration where
there is no difference between suction and discharge head and analyzed the effect the
discharge value has on the system resistance curve, let us discuss a more practical
application where the suction and discharge heads are different.

A typical pumping application will have the pump suction connected to a source
of fluid from some lower head or pressure value and discharging the fluid into a system

50%
75%
2 100%
[0
T
T _gbd—
Valve losses
» friction loss in pipe
Flow Q

Figure 9.2 Pump system resistance with zero differential head and throttling. Source:
Reproduced with permission of Tampa Electric Company. Reproduction is forbidden without
the express consent of Tampa Electric Company.
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friction loss in pipe
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Flow Q

Figure 9.3 Pump system resistance with non-zero differential head and throttling. Source:
Reproduced with permission of Tampa Electric Company. Reproduction is forbidden without
the express consent of Tampa Electric Company.

with a higher head or pressure value. Additionally, the tank that is being discharged
to may also have some positive pressure associated with the tank. This adds to the
static head of the pump. This arrangement is depicted in Figure 9.3. The pump must
overcome the static head (difference between suction side pressure and discharge side
pressure) when pumping into a system with a higher positive discharge pressure.
The combination of the pump and connected system will operate at a point
defined by the head and flow that satisfies both the pump curve and system curve
simultaneously (at the intersection of the two curves). By adjusting a flow control
valve in series with the pump, flow will be controlled and pump discharge pressure
will change. By throttling down (closing) on the flow control valve, flow will decrease
with a side effect of a higher discharge pressure at the pump for the reduced flow
conditions through the system. By throttling up (opening) the flow control valve,
flow will increase with a side effect of a lower discharge pressure at the pump for the
increased flow conditions through the system. Figure 9.4 depicts this application.

System
. resistance
P 4 0% 75%
VAN hy 100%
P hy —~

AN hS
e Pump
head
% Flow O1 Qz O3

Figure 9.4 Pump system operating point. Source: Reproduced with permission of Tampa
Electric Company. Reproduction is forbidden without the express consent of Tampa Electric
Company.

Head
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Figure 9.5 Pump flow control utilizing pump speed. Source: Reproduced with permission
of Tampa Electric Company. Reproduction is forbidden without the express consent of
Tampa Electric Company.

Recalling that power is the product of flow and differential pressure, we can
see that the act of throttling down or closing a valve increases the resistance across
the valve, increasing the overall system resistance to flow. This increases the dis-
charge pressure of the pump while reducing flow. Even though the flow is reduced
through the valve, due to the increased differential pressure across a valve, the throt-
tling process introduces losses into the overall system and reduces the efficiency of
the pumping system when reducing flow.

An alternate method of flow control is to control the speed of the pump. By
adjusting the speed of the pump, the pump discharge head is reduced, but the system
resistance curve remains the same. This is shown in Figure 9.5.

Notice when using pump speed for flow control that as the pump speed is
reduced, the system resistance curve does not change. What changes is the discharge
head of the pump, which is reduced. So how can we determine the difference in net
energy required to maintain a certain flow rate utilizing throttling control versus pump
speed control? We know that the mechanical power utilized by the system is the prod-
uct of head and flow. Since power is the product of flow through the pump and head
developed across the pump, this can be visualized by the area under the pump curve
when drawn at the pump operating point. Utilizing throttling flow control, we see that
this area for the flow point Q; is shown in Figure 9.6.

Now if we take the same flow rate but achieve this by controlling the speed
of the pump to reduce the discharge head of the pump, we can obtain the same flow
point O, but since the discharge pressure of the pump is reduced, the product of
head and flow using pump speed for control is substantially reduced. This is shown
in Figure 9.7 utilizing speed control when comparing the area shown for the same
flow point in Figure 9.6 utilizing throttling.

The energy saved by using pump speed to obtain flow rate O as compared with
throttling to obtain the flow rate Q is the difference between these two areas defined
by Figures 9.5 and 9.6 and is visualized as shown in Figure 9.8.

In order to know the operating point of a pump and fluid system and develop
the pump curve described above, we need to monitor the pump suction pressure,



SYSTEM RESISTANCE CURVES 193

System
50% resistance
75%

/ 100%

Pump
head

hy

AAAARANY h3

Head

v

Figure 9.6 Pump flow control utilizing throttling. Source: Reproduced with permission of

Tampa Electric Company. Reproduction is forbidden without the express consent of Tampa
Electric Company.
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Figure 9.7 Pump flow control utilizing pump speed. Source: Reproduced with permission
of Tampa Electric Company. Reproduction is forbidden without the express consent of
Tampa Electric Company.
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Figure 9.8 Pump flow control energy savings. Source: Reproduced with permission of

Tampa Electric Company. Reproduction is forbidden without the express consent of Tampa
Electric Company.
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Figure 9.9 Pump monitoring configuration. Source: Reproduced with permission of Tampa
Electric Company. Reproduction is forbidden without the express consent of Tampa Electric
Company.

the pump discharge pressure, the system pressure, and flow through the pump. A
simplified pump monitoring system is shown in Figure 9.9.

The flow Q is obtained by monitoring the differential pressure across an orifice
(see Chapter 24 on field instrumentation for more detailed description of pressure and
flow instruments). The suction pressure P, the pump discharge pressure P, and the
throttling valve discharge pressure P, are monitored. The pump discharge head can
be calculated utilizing equation (9.1).

H; =231%x(P; —Py) 9.1)
where

H, = head (ft of H,0)
P, Py = pressure (psi)
2.31 is a factor to convert units from psi to feet of H,O @ 40°F

The system head can be calculated utilizing equation (9.2).
H, =231%X (P, —P)) 9.2)
where

H, =head (feet of H,0)
P,, P, = pressure (psi)
2.31 is a factor to convert units from psi to feet of H,O @ 40°F

By varying the control valve and plotting pump head (H;) and system
head (H,) for various values of flow (Q), we can plot both the pump capability
curve and the system resistance curve (not including valve losses) as shown in
Figure 9.10.
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Figure 9.10 Pump monitoring configuration. Source: Reproduced with permission of
Tampa Electric Company. Reproduction is forbidden without the express consent of Tampa
Electric Company.

CENTRIFUGAL PUMP

A centrifugal pump uses a rotating impeller to create flow by adding kinetic energy
to the fluid. The fluid enters the pump in the vortex or center of the pump impeller
(similar to the centrifugal fan impeller, but water is treated as an incompressible fluid
while air is considered compressible). As the pump impeller spins, any fluid contained
in the impeller has a force applied to it from the motor and causes the fluid to spin
in a circle or centrifugally around the pump casing. This action increases the fluid
speed by adding kinetic energy to the fluid. This increase of fluid speed through the
pump impeller section causes a lower pressure at the suction of the pump (center of
the impeller). New fluid enters to replace the fluid forced from the suction side of the
pump to the discharge side of the pump on the outside diameter of the pump casing.

As the fluid reaches the discharge section of the centrifugal pump, the velocity
decreases. Since energy is neither created nor destroyed, but only altered in form,
this reduction in velocity represents a reduction in kinetic energy of the fluid. This is
because the kinetic energy of the fluid is converted to potential energy at the pump
discharge, causing an increase in pressure at the discharge of the pump.

Centrifugal pumps can provide a large amount of water, just as centrifugal fans
are used when a large volume of air must be moved. However, the pressure head
developed by the centrifugal pump is smaller than other pump designs. Addition-
ally, to increase the amount of discharge pressure of the centrifugal pump, we must
increase the rate of increase in speed of the fluid at the pump impeller (add more
kinetic energy faster) which will result in a decreased suction pressure at the inlet
of the pump. At some point, the fluid in the center of the impeller (as shown in Fig-
ure 9.11), under the correct circumstances, can undergo latent heat transfer and form
small gas bubbles. Then when the fluid moves to the discharge side of the pump where
pressure increases, these bubbles will collapse. This creates large localized forces that
can wear the impeller prematurely. This process is commonly known as cavitation.
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Figure 9.11 Typical centrifugal pump. Source: Reproduced with permission of U.S. Navy.

This limits the maximum allowable differential pressure across a centrifugal pump
and limits the application of this pump in high discharge pressure applications.

In applications where the pump must develop large amounts of pressure on the
discharge, a series multistage centrifugal pump will be used. A tandem multistage
centrifugal pump consists of one motor and one shaft that have multiple centrifugal
pumps connected to the common shaft. The benefit of the tandem design is that only
one motor is required to drive all of the pumps. A cross compound multistage cen-
trifugal pump has multiple motors and shafts to drive the multiple pumps. The benefit
of the cross compound design is that, since each pump has a different motor and shaft
driving the pump, the speed of each pump can be a different value and can be ideally
matched to the head and differential pressure demands of the pump. In both designs,
the pumps are connected in series with each other such that the overall pump head
is the summation of each pump stage head. If you equate pump head to an electrical
DC circuit voltage and pump flow to electrical DC circuit current, this is similar to
placing multiple battery cells in series to obtain larger voltages with the same flow
rate or ampacity.

In applications where larger amounts of flow are needed, the pumps are con-
nected in parallel (with a check valve in the discharge of each pump to prevent reverse
rotation of the pump). If you equate pump head to an electrical DC circuit voltage and
pump flow to electrical DC circuit current, this is similar to placing multiple battery
cells in parallel to obtain larger ampacity rating (more flow) with the same voltage
(or differential pressure).

The amount of power used by the pump is the product of the fluid density, the
head developed across the pump, and the flow rate through the pump. The following
discussion utilizes the SI standard units of measurement as this reduces the need for
constants for converting units. Equation (9.3) describes the relationship between these
parameters.

Py, = pg HQO/n, (9.3)
where

P, = input power required by the mechanical pump (W)
p = fluid density (kg/m?)
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g = standard acceleration of gravity (9.80665 m/sec?)
H = energy head added to the flow (m)
0 = flow rate (m3/sec)

n, = efficiency of the mechanical pump in per unit

The value P, is also known as the brake horsepower (bhp) of the pump. This
is not the same as the water horsepower of the pump. The water horsepower of the
pump is the amount of power that the mechanical pump delivers to the fluid being
pumped and is the product of (p g H Q). The mechanical power of the pump (bhp) is
the horsepower (water horsepower) out of the pump divided by the efficiency of the

pump (77,,).
The amount of electrical power required by the pump motor is the mechanical
power demanded by the pump divided by the efficiency of the motor.

P, =P,/Mn 9.4)
where

P, = input power required by the electrical pump motor (W)

P, = input power required by the mechanical pump (W)

N, = efficiency of the pump motor in per unit

Combining the two equations (9.3) and (9.4), we can find the relationship

between the electrical power required by the pump motor and the fluid density, the
head developed across the pump and the flow through the pump.

P. = pg H Q/(nny) ©.5)
where

P, = input power required by the electrical pump motor (W)
p = fluid density (kg/m?)

g = standard acceleration of gravity (9.80665 m/sec?)

H = energy head added to the flow (m)

0 = flow rate (m3/sec)

Ny, = efficiency of the pump motor in per unit

n, = efficiency of the mechanical pump in per unit

Cavitation and Net Positive Suction Head

Another important issue with centrifugal pumps is the avoidance of cavitation in the
impeller. Pump cavitation occurs when the pressure in the suction of the pump falls
below the saturation vapor pressure of the fluid for the fluid type, temperature, and
suction pressure. Should the pressure drop below the saturation pressure, the fluid
partially vaporizes forming local vapor bubbles. Then as the fluid moves to the higher
pressure on the discharge side of the pump, the fluid is no longer in the saturated
state and the bubbles violently collapse causing mechanical damage to the impeller.
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Therefore, it is important to ensure that the pressure at the suction of the pump never
drops below the saturation pressure of the fluid.

The amount of pressure in the suction of a pump is the summation of the static
pressure (potential energy) of the fluid at the suction of the pump (P,) and the veloc-
ity pressure (kinetic energy) at the suction of the pump (P,). The net positive suction
head available (NPSHA) is defined as the difference between the suction pressure of
the pump (P + P,) and the saturation or vapor pressure of the fluid at the tempera-
ture of the fluid (P,,,) at the suction of the pump. This is mathematically defined in
equation (9.6).

NPSHA = P, + P, — P, (9.6)

P

where

NPSHA = net positive suction head available

P, = pressure associated with the static pressure at the suction side of the pump
P, = pressure associated with the velocity pressure at the suction of the pump
P, = fluid vapor pressure for the specific temperature of the fluid

The pump manufacturer will provide a minimum value for the net positive
suction head required (NPSHR) at the suction of the pump. To prevent cavitation,
the NPSHA value must always be greater than then manufacturer-provided NPSHR
value. Should the NPSHA value drop below the manufacturer-provided value for
NPSHR, then cavitation will occur in the pump reducing pump performance and
shortening pump impeller life.

Looking at equation (9.6), we can see that we can increase the NPSHA by
several means listed below.

a. We can increase the suction pipe diameter to reduce the flow rate through the
suction pipe for a given value of mass flow rate. We can also reduce the number
of bends in the valves and suction piping. This will have the effect of reducing
the losses in the piping and valves increasing suction head pressure.

b. If we raise the height of the fluid container, we will raise the positive head
pressure from the physical height of the source fluid, thereby increasing the
value of the positive suction head which also increases suction head pressure.

c. We can increase the surface pressure on the source side fluid, thereby increasing
the value of the pressure at the suction of the pump. Thereby also increasing
the value of the suction head pressure.

Alternately, if we are unable to achieve a higher NPSHA, then we must select
a pump design that has a lower value of NPSHR. A typical example of this is the
condensate pump. The condenser is under very low vacuum. Therefore, the value of
NPSHA is very low. This limits the maximum allowable differential pressure for a
one-stage pump to be used in this application. Condensate pumps are of a multistage
design which allows for a reduced NPSHR value from the OEM for any single stage
to meet the NPSHA of the application.
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We can further break up equation (9.6), for NPSHA, into its components. The
value for the static pressure at the suction of the pump is given in equation (9.7a).

Py =p/SW (9.7a)
where

p = impeller inlet pressure (Pa)
SW = specific weight of fluid or liquid (N/m?)

The value for the velocity pressure at the suction side of the pump is given by
equation (9.7b).

P, =V?/2g (9.7b)
where

V = velocity of fluid or liquid (m/sec)
g = acceleration of gravity (9.80665 m/sec?)

The value for the vapor pressure of the fluid at the suction of the pump at the
given temperature of the fluid can be calculated by equation (9.7c¢).

PVp =p,/SW (9.7¢)
where

p, = vapor pressure of fluid or liquid (Pa)
SW = specific weight of fluid or liquid (N/m?)

Now we can combine equations (9.7a-9.7c) into equation (9.6) and find a final
equation for NPSHA as shown in equation (9.8).

NPSHA = (V2/2g) + (p/SW) — (p,/SW) 9.8)
where

NPSHA = net positive suction head available (m)
V = velocity of fluid or liquid (m/sec)

p = impeller inlet pressure (Pa)

p, = vapor pressure of fluid or liquid (Pa)

SW = specific weight of fluid or liquid (N/m?)

g = acceleration of gravity (9.80665 m/sec?)

Note that the net positive suction pressure is given in units of meters. To convert
to a more common unit of feet, use the conversion one meter is approximately 3.28
feet. Once we have units of feet, how do we convert a column of water height into
more common units of pressure such as pounds per square inch? The height of a fluid
in a column and the pressure it exerts on the bottom of the column is a function of the
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specific gravity (or density) of the fluid. For the conversion of units of psia to feet,
the conversion is shown in equation (9.9).

Feet = psia X 2.31/sg (9.9)
where

Feet = pressure in feet of water

psia = pressure in pounds per square inch absolute

sg = specific gravity of fluid at given pressure and temperature

2.31 is a factor to convert units from psi to feet of H,O @ 40°F
Example 9.1 We are given an application where we need to pump water at a velocity
of 30 m/sec. The temperature of the water is at 20°C and the suction pressure is 10 Pa.
When water is at 20°C (68°F), it has a specific weight of 998 N/m? (62.303 Ib/ft}) and
a saturation vapor pressure of 2333 Pa (0.339 psi). What is the value of the NPSHA?

Also, if the pump manufacturer provides a required net positive suction head value
of 20 m, will this pump experience cavitation under the given circumstances?

Solution:  Using equation (9.8), we calculate the available net positive suction head
as follows.
NPSHA = (V?/2g) + (p/SW) — (p,/SW)
NPSHA = ((30)%/2(9.80665)) + (10/998) — (2333/998)
NPSHA =43.6 m
The required net positive suction head from the pump manufacturer is 20 m.

Since NPSHA > NPSHR, this pump will not experience cavitation.

Example 9.2 We are given an application where we need to pump water at a velocity
of 10 m/sec. The temperature of the water is at 20°C and the suction pressure is 10 Pa.
When water is at 20°C (68°F), it has a specific weight of 998 N/m? (62.303 Ib/ft}) and
a saturation vapor pressure of 2333 Pa (0.339 psi). Also, if the pump manufacturer
provides a required net positive suction head value of 20 m, will this pump experience
cavitation under the given circumstances?

Solution:  Using equation (9.8), we calculate the available net positive suction head
as follows.
NPSHA = (V2/2g) + (p/SW) — (p,/SW)
NPSHA = ((10 m/s)?/2(9.80665 m/s%)) + (10 pa/998 kg/m*) — (2.339/998 kg/m?)
NPSHA =2.77 m

The required net positive suction head from the pump manufacturer is 20 m.
Since NPSHA < NPSHR, this pump will experience cavitation.
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Pump Affinity Laws

Centrifugal pumps follow proportionalities known as the centrifugal pump affinity
laws. These laws define the properties of operation of a centrifugal pump as we change
various parameters.

The volume or flow of a centrifugal pump is directly proportional to the change
in speed of the pump impeller and the change in pump diameter. This is mathemati-
cally expressed as

01/0; o (ny/ny)&(d, /d,) (9.10)
where

Q, = flow at impeller speed n; and impeller diameter d,
0, = flow at impeller speed n, and impeller diameter d,
n; or ny = wheel velocity

d, or d, = wheel diameter

The head or differential pressure of a centrifugal pump is directly proportional
to the square of the change in speed of the pump impeller and the square of the change
in pump diameter. This is mathematically expressed as

H,/H,  (n;/ny)*&(d, /dy)* 9.11)
where

H, = flow at impeller speed n; and impeller diameter d;
H, = flow at impeller speed n, and impeller diameter d,
n; or n, = wheel velocity

d; or d, = wheel diameter

The power consumed by a centrifugal pump is directly proportional to the cube
of the change in speed of the pump impeller and the cube of the change in pump
diameter. This is mathematically expressed as

P,/Py x (n,/n,)’&(d, /d,)? 9.12)
where

P, = flow at impeller speed n; and impeller diameter d;
P, = flow at impeller speed n, and impeller diameter d,
n; or n, = wheel velocity

d; or d, = wheel diameter

Example 9.3 Given a centrifugal pump where the initial flow is 100 gpm, the initial
head is 100 ft, the initial power is 5 bhp and the initial speed is 1800 rpm; if we
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change the pump speed to a speed of 3600 rpm, based on the assumption that impeller
diameter does not change, calculate the following.

a. The new value for flow
b. The new value for head

c¢. The new value for power

Solution:
a. Using equation (9.10),
01/Q5 x (ny/ny)&(d,/dy)
Rearranging for O,
0, = Q1l(na/ny)(dy/dy)]
Since diameter does not change in this problem, this simplifies to
0, = Qr(ny/ny)
0, = (100 gpm)(3600 rpm) /(1800 rpm)
= 200 gpm
b. Using equation (9.11),
H\ [Hy o (my /my)*&(d, [d)?
Rearranging,
Hy = H,[(ny/n)*(dy/dy)*]
Since diameter does not change in this problem, this simplifies to
Hy = Hy(my/m)*

= (100)(3600,/1800)*
= 400 ft

c. Using equation (9.12),
P[Py o (ny /my)*&(d, [dy)?
Rearranging,
Py = Py[(ny/m)*(dy/dy)’]
Since diameter does not change in this problem, this simplifies to

Py = Py(ny/n))?
= 5(3600/1800)°
= 40 bph
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Example 9.4 Given a centrifugal pump where the initial flow is 100 gpm, the initial
head is 100 ft, the initial power is 5 bhp and the initial impeller diameter is 8 in.; if
we change the pump impeller diameter to 6 in., based on the assumption that shaft
speed does not change, calculate the following:

a. The new value for flow
b. The new value for head

c¢. The new value for power

Solution:
a. Using equation (9.10),
01/Qy x (n1/ny)&(d, /dy)
Rearranging,
0, = 0,l(ny/ny)(d,/d))]
Since shaft speed does not change in this problem, this simplifies to
0, = Q4(dy/dy)

= (100)(6/8)
=175

b. Using equation (9.11),
H,/Hy o (ny/ny)*&(dy /dy)?
Rearranging,
Hy = H,[(ny/n,)*(dy /)]
Since shaft speed does not change in this problem, this simplifies to
H, = Hz(dz/d1)2
= (100)(6/8)
=563 ft
c¢. Using equation (9.12),
Py /Py o (my [m) &(d [dy)?
Rearranging,
Py = Py[(ny/m)*(dy/dy)’
Since shaft speed does not change in this problem, this simplifies to
Py = Py(d,/d;)’
=5(6/8)°
= 2.1 bhp
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TABLE9.1 Comparison of Pump Design Efficiencies for Typical
Generation Station

Pump Type Efficiency (%)
Boiler feed pump 74-83
Condensate pump 72-80
Circulating water pump 70-90

Source: Reproduced with permission of Tampa Electric Company. Reproduction is for-
bidden without the express consent of Tampa Electric Company.

Flow control for a centrifugal pump is achieved by throttling a discharge value
(note a bypass line may be required to maintain the pump minimum flow if this
method is used for flow control), or a variable speed motor control system.

Centrifugal pumps are the most common pumps found in the power generat-
ing station. Applications include cooling water pumps, condensate pumps, feedwater
pumps, boiler feed pumps, and sluice pumps. All these applications requires high
flow rate which the centrifugal pump is ideally suited to meet. The design of the
pump also affects the efficiency of the pump and typical efficiency values are listed
in Table 9.1 for several types of pumps. Notice that the circulating water pump effi-
ciency is slightly higher than the others listed in the table. That is because this pump
is an axial flow design rather than a radial flow pump design.

AXIAL FLOW PUMP

Axial flow pumps are much rarer in the power generation facility. There is one appli-
cation in a generation station where the pump is almost universally an axial flow pump
and that is the circulating water pump application. (For more detail on the purpose of
circulating water pumps, please see Chapter 10 on condenser cooling). These pumps
must provide a very large quantity of water (high flow rate) at a very low head (low
discharge pressure) to the tubes inserted in the condenser to condense the exhaust
steam from the low pressure turbine into a subcooled liquid. The axial flow pump is
ideally suited for this purpose as the pump can operate at very high efficiencies with
high flow and low head.

The difference between axial flow pump and the radial flow centrifugal pump
is the direction of water flow from the suction to the discharge of the pump. In the
centrifugal pump, water enters the center of the impeller and travels radially away
from the shaft to the outside diameter of the impeller. In the axial flow pump, the
fluid travels axially along the shaft of the pump. Typical circulating water pumps are
oriented vertically. In combination with the weight of the pump mechanical compo-
nents due to installation being vertical, additional axial thrust is imposed by the pump
impeller on the shaft of the motor pump assembly as it applies axial force to the fluid
for pumping. These forces cause a net axial thrust on the motor that does not occur
in most radial flow pumps. The motor is designed with an internal thrust bearing to
be able to tolerate the axial thrust of this application.
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Flow control for an axial flow pump, when the application requires flow control,
is achieved by variable vane pitch or a variable speed motor. Unlike the radial flow
centrifugal pump that can use a discharge valve for flow control, the axial flow pump
does not use this method for flow control as the pump discharge pressure increases
substantially when system resistance is increased by throttling, leading to very poor
efficiencies. The axial flow pump is most efficient in applications with low system
resistance to flow.

POSITIVE DISPLACEMENT PUMP

The third type of pump used in power generation facilities is the positive displace-
ment pump as is shown in Figure 9.12. The positive displacement pump operates by
trapping fluid inside a chamber at the suction of the pump and then moves this fixed
volume of fluid from the suction side to the discharge side. As the fluid is transported
from the suction to the discharge side, the volume of the chamber is reduced. Since
pressure and volume are inversely proportional, the reduction of chamber volume
results in a pressure increase in the fluid at the discharge side of the positive displace-
ment pump. Small clearances in positive displacement pumps are critical to ensure an
adequate seal of the chamber that is used to increase the pressure of the positive dis-
placement pumps. There are two main types of positive displacement pumps: a rotary
style and a reciprocating style. The rotary style has screws that form a compression
chamber between the screw element and the pump case to compress the fluid. This is
similar in mechanical motion as the rotary screw compressor, but with much smaller
clearances to prevent compression chamber leakage.

Discharge

)

e

.
§
N
N

SO Suction

Figure 9.12  Typical rotary screw positive displacement pump. Source: Reproduced with
permission of U.S. Navy Training Manual.
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The reciprocating pump consists of a cylinder in a chamber. The cylinder com-
presses the fluid in the chamber and moves the fluid from suction to discharge.

Flow control for a positive displacement pump is almost always via variable
speed control. The design of the pump is such that it will maintain a certain flow for
a certain speed regardless of the head developed. If the discharge side of the positive
displacement pump were to become suddenly blocked, the discharge pressure of the
positive displacement pump could reach destructively high pressures quickly. For
safety, in a positive displacement pump application, one or more pressure relief valves
are installed on the discharge header of a positive displacement pump to protect the
piping system from over-pressurization in the event the discharge header becomes
blocked.

Pump Safety

Never operate a positive-displacement rotary pump with the discharge valve closed.
This may lead to a rapid over-pressurization of the discharge header. Ensure that all
relief valves are not isolated and functional before placing a positive pressure pump
into service.

GLOSSARY OF TERMS

* Axial Flow Pump — Uses foil blade impellers to force the fluid axially along
the shaft of the pump.

* Centrifugal Pump — A pump that uses an impeller to move water or other fluids.
The impeller imparts the kinetic energy of the rotor into the liquid media that
is being pumped.

¢ Cavitation — Cavitation is the formation of cavities or bubbles in the suction
side of a pump and the subsequent collapse of these cavities or bubbles in the
pump impeller.

* Net Positive Suction Head (NPSH) — The measurement of liquid pressure at
the pump end of the suction system, including the design of the pump.

* Net Positive Suction Head Available (NPSHA) — The difference between the
suction pressure of the pump (P, + P,) and the saturation or vapor pressure of
the fluid at the temperature of the fluid (P,,,) at the suction of the pump. The
result must be equal to or greater than NPSHR.

* Net Positive Suction Head Required (NPSHR) — This is the amount of atmo-
spheric pressure required to move liquid through the suction side of the pump.
NPSHR is directly related to pump design.

» Safety Factor — This value is used in the NPSH calculations to take in to account
for fluctuations in atmospheric pressure.

* Specific Gravity (SG) — The weight of any liquid relative to that of water.
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» Standard Atmospheric Pressure — The weight of atmosphere at sea level under
normal atmospheric conditions (14.7 psi)

¢ Vapor Pressure (VP) — The pressure at which a liquid will vaporize. This pres-
sure is relative to the liquid’s temperature. It is also known as the saturation
pressure for a given liquids temperature.

* Positive Displacement Pump — Operates by trapping fluid inside a chamber at
the suction of the pump and then moves this fixed volume of fluid from the
suction to the discharge.

PROBLEMS

9.1

9.2

9.3

9.4

9.5

For a positive displacement pump, if the speed of the pump is doubled, which doubles
the flow through the pump, what is the effect on pump power assuming the head across
the pump is constant?

Given a centrifugal pump where the initial flow is 100 gpm and the initial speed is 1800
rpm, if we change the pump speed to a speed of 900 rpm, based on the assumption that
impeller diameter does not change, calculate the value of the new flow from the pump.

Given a centrifugal pump where the head is 100 ft and the initial speed is 1800 rpm, if
we change the pump speed to a speed of 900 rpm, based on the assumption that impeller
diameter does not change, calculate the value of the new head developed by the pump.

Given a centrifugal pump where the initial power is 500 bhp and the initial speed is 1800
rpm, if we change the pump speed to a speed of 900 rpm, based on the assumption that
impeller diameter does not change, calculate the value of the new power drawn from the
pump.

We are given an application where we need to pump water at a velocity of 100 m/sec. The
temperature of the water is at 20°C. When water is at 20°C (68°F), it has a specific weight
of 998 N/m? (62.303 1b/ft*) and a saturation vapor pressure of 2333 Pa (0.339 psi).
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CHAPTER 1 0

CONDENSER COOLING SYSTEM

GOALS
¢ To understand the basic design and components of the condenser in a steam
cycle

* To understand the purpose of the vacuum pump or air ejector in a condensate
system

* To be aware of safety hazards associated with condensate system equipment

* To understand the importance of the gland seal system in maintaining condenser
vacuum

¢ To calculate the minimum condensate temperature necessary for a given value
of condenser vacuum to prevent condensate pump cavitation

CONDENSER COOLING

To maximize the thermal efficiency of our thermal cycle, we want to maintain the
exhaust of the steam turbine at as low a pressure and temperature as possible (see
Chapter 2 on thermodynamics for discussion of why condenser pressure and temper-
ature is important to thermal cycle efficiency). To maintain the exhaust of the turbine
at low temperature and low pressure, we have to remove the heat from the exhaust
steam from the steam turbine. The condenser is the heat exchanger that provides this
heat transfer path. A typical main condenser assembly is shown in Figure 10.1. There
are several designs in use.

Just as in the case of the feedwater heat exchanger, the most efficient heat trans-
fer method is via latent heat transfer on the steam side. This latent heat transfer occurs
at the surface of the tubes, where the steam is condensed. To maximize the tube sur-
face area exposed to the exhaust steam, the condensate level is maintained below the
tubes. However, as we discussed in Chapter 9 on pumps, we need to maintain the
net positive suction head available (NPSHA) at a greater value than the net positive
suction head required (NPSHR) for the condensate pumps. This is achieved by both

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
© 2017 by The Institute of Electrical and Electronics Engineers, Inc. Published 2017 by John Wiley & Sons, Inc.
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Figure 10.1 Typical condenser arrangement. Source: Reproduced with permission of U.S.
Navy Training Manual.

subcooling the condensate in the hotwell as well as maintaining the level of the con-
densate at the upper end of the hotwell. Also, this is controlled by design by locating
the condensate pumps as low as physically possible and utilizing large diameter pip-
ing between the hotwell and the suction of the condensate pump to maximize the
suction pressure or head to the suction of the condensate pumps. As shown in Figure
10.1, the tap in the hotwell for the suction of the condensate pumps is at the lowest
point possible in the hotwell.

The function of the condenser cooling system is to remove the thermal energy
from the exhaust steam and transfer this energy to some heat sink outside of the facil-
ity. One of the most common methods of removing the thermal energy in the form
of heat from the condenser is to provide water flow from an outside water reservoir
such as a river, bay, or estuary. This water flows through the tubes in the condenser
and removes heat from the exhaust steam. Then this heated water is discharged back
to the river, bay, or estuary downstream of the intake to ensure the intake does not
receive heated water from the discharge. A modification of this system is sometimes
used when it is desired to maintain discharge water temperatures within certain envi-
ronmentally friendly values. A “helper” cooling tower may be added to the discharge
between the condenser and water reservoir to lower the temperature of the water prior
to discharge back to the river, bay, or estuary. A typical equipment arrangement for a
condenser is shown in Figure 10.2.
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Figure 10.2 Typical condenser arrangement. Source: Reproduced with permission of U.S.
Navy Training Manual.

Sometimes either due to restrictions of the mass of cooling water available or
due to environmental impacts to the water resource, a closed loop system is used
where the water is heated in the condenser when it removes the thermal energy
from the exhaust steam of the turbine and then the water is cooled in a cooling
tower. Since a majority of cooling takes place in the cooling tower utilizing latent
heat transfer, evaporation occurs in the cooling tower and makeup water to the
tower must be supplied to keep the mass of water in the closed loop cooling sys-
tem steady. Also, as water is evaporated and makeup is supplied, the impurities in
the water tend to increase in concentration. These impurities will adversely affect
the condenser tubes and must be removed from the boiler water. A blowdown line
is provided to allow for the release of these impurities to maintain chemistry of
the cooling water within the constraints of the tube technology employed in the
condenser.

Condensers operate in very low pressures (typically 1 psia) to maximize the
efficiency of the thermal process. Since the steam on the shell side of the condenser is
in a saturated state, maintaining condensate temperatures low will keep the condenser
shell-side pressure low as well. However, the circulating water system alone is not
sufficient to maintain the condenser vacuum at desired values and a secondary air
removal system is employed. Either air ejection pumps or air removal vacuum pumps
are utilized to maintain the condenser shell side under a strong vacuum.

The vacuum pump uses a water seal and pump assembly to pump air out of the
condenser shell side while the air ejector uses steam flow and a venturi element to
draw a vacuum on the shell of the condenser. A two-stage air ejector system is shown
in Figure 10.3.
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Figure 10.3 Two-stage air ejector system. Source: Reproduced with permission of U.S.
Navy Training Manual.

Air Ejector Safety
The following safety precautions should be used with air ejectors:

1. When starting an air ejector to prevent overpressurization, always open the dis-
charge valves before admitting steam to the nozzles. When securing an air ejec-
tor, always close tightly the steam supply valves to the nozzles before closing
the discharge valves.

2. Before starting an air ejector, always drain the steam supply line, and open the
drain valves in the inter-condenser and after-condenser drain lines. This is to
prevent an explosion that might occur should steam be allowed to enter these
chambers with condensate in the chamber. Should that occur, the condensate
will flash into steam and create a rapid pressure rise.

Even with very small clearances between rotating and stationary sections of
the turbine, without some type of seal between rotating and stationary sections, air
may leak into the steam side and find its way to the condenser, thereby increasing
the pressure in the condenser shell side. In order to maintain the barrier between the
steam side and air side of these boundaries, a gland steam seal system is utilized.
The gland steam seal system provides low pressure sealing steam to these locations
and utilizes a multitude of labyrinth rings. Under normal operations, the steam in the
turbine provides adequate pressure to prevent air intrusion into the steam side.

However, for periods of low load operation and startup/shutdown periods, the
gland steam system injects the low pressure steam (about 2 psi) into this labyrinth
system. The labyrinth rings provide a high flow impedance path and, since the pres-
sure of the steam seal system is slightly higher than atmospheric conditions, the seal
steam is forced into the seals displacing any air. A figure showing the arrangement of
the gland steam seal system is shown in Figure 10.4.
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Figure 10.4 Steam turbine gland steam seal system. Source: Reproduced with permission of
U.S. Navy Training Manual.

CONDENSER OPERATION

The two primary operational rules that apply to the operation of the condenser are as
follows:

1. The discharge circulating water temperature rise has environmental limits that
must not be exceeded (typical value is 10°F rise from suction to discharge).

2. The condensate temperature leaving the hotwell should be within 2°F of the
condensing temperature corresponding to the vacuum in the condenser. This is
an adequate amount of subcooling necessary to ensure the condensate pump
does not cavitate without excessive subcooling. If we increase the condensate
temperature depression excessively below the saturation temperature, we will
reduce the efficiency of the thermal cycle (see Chapter 2 on the thermodynamic
cycle for details of condensate depression and efficiency effects). Table 10.1
lists the value of saturation temperature for various values of condenser vac-
uum.

Example 10.1 The condenser vacuum is measured at 29 inches of mercury. What
is the desired temperature of the condensate in the hotwell to ensure we do not create
cavitation in the condensate pump, while at the same time, we do not adversely affect
the thermal efficiency of the steam cycle?
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TABLE 10.1  Vacuums and Corresponding Saturation Temperatures

Condenser Vacuum Corresponding Saturation
Temperature

Inches of Mercury °F) (§®)]
29.6 53 11.67
29.4 64 17.78
29.2 72 22.22
29 79 26.11
28.8 85 29.44
28.6 90 32.22
28.4 94 34.44
28.2 98 36.67
28 101 38.33
27.8 104 40.00
27.6 107 41.67
26.5 120 48.89

Source: Reproduced with permission of U.S. Navy Training Manual.

Solution:  Ideally, the amount of subcooling should be about 2°F. This value will
ensure we do not create cavitation while at the same time, we will not adversely affect
the thermal efficiency of the steam cycle. From Table 10.1, at a condenser vacuum
of 29 inches of mercury, the corresponding saturation temperature is 79°F. Adding
2°F subcooling to the saturation temperature results in an ideal hotwell temperature
of 77°F.

If the condenser vacuum is not as high as it should be in relation to the condenser
load, this would indicate that something in the system is not operating normally. One
possibility may be that the air ejectors may not be properly removing air from the
condenser resulting in a reduced condenser vacuum. Alternately, if the level of the
hotwell is not maintained below the tubes, this could cause a reduction in heat transfer
surface where latent heat transfer occurs resulting in a reduction in heat removal effi-
ciency of the condenser. Another possibility is a leak in the condenser shell or bound-
ary between steam side and air side. Such a leak will allow air from the air side of the
shell to leak into the steam side of the condenser. This is also known as air in leakage
to the condenser. If the gland seal system is not operating properly, then this may lead
to increased condenser shell-side pressure and reduced thermodynamic efficiency.

CONDENSER SAFETY PRECAUTIONS

As with all equipment in the utility generation station, there are safety hazards associ-
ated with the condenser system. The following safety precautions should be followed
for the safe operation of the condenser.

1. Always be on the alert to detect and eliminate air leaks in the vacuum system.

2. If, at any time, a loss of vacuum is accompanied by a hot or flooded condenser,
shut down the steam turbine. The concern of a flooded condenser is condensate
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carryover into the low pressure steam turbine blades. This can cause catas-
trophic failure of the low pressure turbine blade section. The concern of a hot
condenser is thermal expansion of the low pressure turbine section. Elevated
temperature in the low pressure turbine stage may allow the turbine blades to
grow and make contact with the low pressure turbine shell.

3. During shutdowns, lift relief valves or vent the water chest to prevent over pres-
surization.

4. Keep the saltwater side of operating condensers free of air. If the water chest is
allowed to collect air, then some of the condenser tubes may become air locked.
This will result in a reduction of cooling capability of the condenser.

5. In systems where the cooling water is salt water, test the condensate for any
increases in salinity. A tube or tube sheet leak would allow for water contam-
ination of the condensate which is the makeup water to the boiler. The cool-
ing water through the tube is not treated to remove contaminants and, in the
case where the cooling water is salt water, a failure of a tube or tube sheet
will increase the salinity of the boiler water and adversely affect boiler water
chemistry. Early detection of cooling water leaks in the condenser is critical to
reliable boiler operation.

6. NEVER bring an open flame or anything that will cause a spark close to a
freshly opened saltwater side of a condenser until it has been thoroughly blown
out with steam or air. Hydrogen and/or methane (sewer) gases may be present.

7. The condenser represents a confined space and OSHA CFR 1910.146 require-
ments for confined space entry must be followed whenever performing main-
tenance in a condenser.

In some locations, a body of water may not be available to provide cooling for
the condenser. In these applications, condensers can be cooled using air. Since the
heat transfer using air is less efficient that water, large volumes of air and a larger
condenser surface area are required to achieve the required amount of heat removal.

Lastly, some steam plants utilize the exhaust steam from the low pressure tur-
bine in other processes in the plant. These systems may not utilize a condenser at the
exhaust of the steam turbine.

GLOSSARY OF TERMS

¢ Air Ejector — A device that removes air and other gases from steam condensers
through the suction action of a stream jet.

¢ Blow Down — Removal of a small quantity of water. The purpose of this system
is to prevent the water concentration of dissolved solids from increasing.

¢ Condenser — The commonly used term for a heat exchanger installed on the
exhaust steam from a steam turbine in thermal cycles.

* Heat Exchanger — A device for transferring heat from one media to another.

¢ Latent Heat — energy released or absorbed, by a body or a thermodynamic sys-
tem, during a constant-temperature process. (Refer to chapter 2 — thermody-
namics for more detail).
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Makeup — Water that is supplied to a system to replenish water that is lost from
the system due to either evaporation, blowdown, leakage or other losses to the
system.

Net Positive Suction Head Required (NPSHR) — The minimum pressure
required at the suction port of the pump to keep the pump from cavitating.
NPSHR is a function of the pump and must be provided by the pump manufac-
turer.

Net Positive Suction Head Available (NPSHA) — The amount of pressure at the
suction port of a pump. This is a function of the system and must be calculated.
(Refer to chapter 9 — pumps for more detail).

Vacuum Pump — A pump used for creating a vacuum.

PROBLEMS

10.1

10.2

10.3

10.4

What is the term for water that is removed from a condenser that uses evaporation in
cooling towers as part of the cooling process to prevent the buildup of suspended solids
in the water stream?

The condenser vacuum is measured at 29.2 inches of mercury. What is the desired
temperature of the condensate in the hotwell to ensure we do not create cavitation in
the condensate pump, while at the same time, we do not adversely affect the thermal
efficiency of the steam cycle?

What is the term for the minimum pressure required at the suction port of the pump to
keep the pump from cavitating?

List at least three safety procedures when operating a condenser.
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CHAPTER 1 1

STEAM TURBINES

GOALS
* To understand the basic design and components of a high pressure, intermediate
pressure, and low pressure steam turbine

* To be able to generate a simplified single-line diagram of a steam plant to
include the turbine, condenser, feedwater heaters, deaeration tank, condensate
pump, and the boiler feed pump

* To identify the difference between an impulse turbine blade and a reaction tur-
bine blade design

* To be able to describe the difference between partial arc and full arc steam
admission

* To identify the four types of steam flow control methods

* To be aware of safety hazards associated with turbine system equipment

TU RBINES PROVIDE the primary means of converting the thermal energy
contained in the steam system to the mechanical energy in the turbine shaft. This is
used to drive the main generator in a power plant as well as various auxiliary pieces
of equipment such as boiler feed pumps. The amount of energy exchanged between
the steam system and the turbine system during this thermal to mechanical energy
conversion process is a function of both the velocity of the steam flow as well as the
differential pressure drop across the steam blades (energy is proportional to flow and
pressure drop). As we expand the steam (expansion implies a pressure drop across
the turbine blades), energy is transferred from the steam system to the turbine system.

Some of the typical equipment used to support the turbine is shown in Fig-
ure 11.1. Superheated steam from the boiler or steam generator enters the high pres-
sure (HP) section of the turbine where the steam is expanded across the high pressure
turbine blades. The steam then leaves the high pressure turbine section and returns
to the reheater section of the boiler in the cold reheat lines. Back at the boiler, addi-
tionally, energy is added to this steam and the reheated steam is sent back to the tur-
bine and enters the intermediate pressure (IP) section of the turbine. Once expanded

Energy Production Systems Engineering: An Introduction for Electrical Engineers to Electrical Power
Generation Facilities, Systems, and Equipment, First Edition. Thomas H. Blair.
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Typical turbine water and steam cycle
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Figure 11.1 Typical steam turbine equipment. Source: Reproduced with permission of
Tampa Electric Company.

through the IP section the steam leaves the IP section and enters the low pressure
(LP) section of the turbine via the crossover steam piping. The exhaust for the LP
section is then sent to the condenser. The condensate pump takes its suction from the
hotwell of the condenser and feeds the first set of feedwater heaters (known as the
low pressure feedwater heaters since these are on the suction side of the boiler feed
pump). In Figure 11.1, there are three feedwater heaters. After the feedwater heaters,
condensate is sent to the deaeration tank (DA). The DA tank performs two functions.
First, it removes dissolved gases from the condensate and second, it is mounted at an
elevated position to provide net positive suction head for the boiler feed pump. The
boiler feed pump (BFP) takes condensate from the DA tank and sends this water to
the high pressure feedwater heaters. In Figure 11.1, these heaters are labeled heaters
5 and 6. After the high pressure feedwater heaters, the feedwater is sent to the econ-
omizer section of the boiler.

In the turbine, there are both stationary blade sections (mounted to the casing
of the turbine) and rotating blade sections (mounted to the rotor of the turbine). The
stationary portion consists of nozzle vanes where the cross-sectional area of the steam
flow path is reduced. Much like a garden hose at home, this has the effect of increasing
the velocity of the steam flow through the nozzle and this effect results in a subsequent
reduction of steam pressure across the stationary nozzle (remember that energy is
proportional to the product of flow and pressure). Since no energy is removed in the
fixed blade section, for an increase in velocity, energy conservation says that there
must be an associated decrease in steam pressure across the nozzle. This stationary
section is followed by one or more rotating sections. There are two basic types of
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Figure 11.2 Impulse stage pressure and velocity response. Source: Reproduced with
permission of U.S. Navy Training Manual.

rotating turbine blade stages depending on the design of the turbine blades and the
mechanical pressure drop and velocity changes that occur across the turbine blade.

The impulse stage shown in Figure 11.2 is a turbine blade where the pressure
and volume are constant in the rotating buckets. Steam speed is reduced in the rotat-
ing bucket section as the steam impinges on the rotating blades and, as the steam
changes direction, kinetic energy is transferred from the steam to the rotating tur-
bine blade causing a reduction in steam velocity. In practicality, typical design of a
turbine may have one stationary nozzle section, followed by several rotating impulse
blade and stationary blade sections. This is known as a velocity compound stage. This
is shown in Figure 11.3. The name velocity compound stage is due to the fact that
while pressure and volume remain constant across the multiple rotating sections of
turbine blades, the velocity drops across each section of rotating turbine blade. The
fundamental thing to remember is that for a rotating impulse stage, the pressure out
of the rotating turbine blade section is equal to the pressure into the rotating turbine
blade section.

Another type of combination of stages is the pressure compound stage where
a stationary nozzle section is followed by one rotating impulse section, followed by
another set of stationary nozzles and rotating impulse blade sections. This is shown
in Figure 11.4. The term pressure compound stage comes from the fact that in each
stationary nozzle section, the pressure drops and the velocity increases, while in each
impulse rotating section, the pressure remains constant while the velocity drops.
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Figure 11.3  Velocity compounded impulse stage. Source: Reproduced with permission of
U.S. Navy Training Manual.

The above discussion addressed the rotating impulse type of turbine blade.
There is another type of rotating turbine blade design called a reaction blade. In a
reaction turbine blade design, the pressure drops and the volume increases in the
rotating section due to the reduction in cross-sectional area across the rotating tur-
bine blade (much like the stationary nozzle section). Both the reaction and impulse
stages use nozzle vanes in their stationary section to increase the steam speed through
the stationary nozzle section. Figure 11.5 shows a cross section of a typical simple
reaction stage. The fundamental thing to remember is that for a rotating reaction
stage, the pressure out of the rotating turbine blade section is less than the pressure
into the rotating turbine blade section.

Referring back to the basic thermodynamic cycle, the expansion through the
turbine section is represented by the change in lines of pressure on the T-s diagram
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Figure 11.6 Rankine thermodynamic cycle. Source: Reproduced with permission of
Department of Energy (DOE) Fundamentals Handbook.

from the pressure at the inlet or governor valves to the outlet of the turbine or inlet
to the condenser. In Figure 11.6, this is the line from 8 to 1 for the high pressure
turbine section, and also the line from 2 to 3 for the combination of the intermediate
and low pressure turbine sections. Heat is added at the reheater along the line from
1 to 2. Notice as mentioned in the discussion of the thermodynamic process that this
process is not isentropic (constant entropy) but the entropy increases from the inlet
of the turbine (points 8 and 2) to the outlet of the turbine (points 1 and 3).

The following describes the various processes that are represented in Fig-
ure 11.6.

Pump work added: 4-5 and 6-7
Heat added: 5-6, 7-8, and 1-2
Work produced: 8-1 and 2-3
Heat rejected: 3—4

From Figure 11.6, the rate at which energy is delivered to the turbine is simply
the change in enthalpy between points 3 and 2 (for the LP turbine) and the change
in enthalpy between points 1 and 8 (for the high pressure (HP) turbine) multiplied
by the mass flow rate of steam through the turbine. This is the power into the turbine
that is converted to mechanical power in the rotating section of the turbine. This is the
ideal case, but in reality, some amount of energy loss, both mechanical and thermal,
occurs in the turbine section which represents a small portion of this energy.

There are various types of steam turbine arrangements depending on the
overall system requirements. The simplest type is the straight flow condensing steam
turbine. In this design, the steam enters the turbine at higher pressure. As the steam
expands through each turbine stage, the steam pressure drops. To get energy out
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of the next section at lower pressure, the diameter of the next section of turbine
blades is increased for each stage, increasing the surface area of the blades, thereby
compensating for the lower pressure available at the next stage.

More common is the single extraction condensing steam turbine. This is sim-
ilar in design to the straight flow condensing steam turbine except at several turbine
sections, some of the steam is extracted from the steam turbine for the purpose of sup-
plying the feedwater heaters and auxiliary steam systems in the plant. The extraction
steam system is depicted in Figure 11.1.

Due to the difference in construction between the intermediate pressure turbine
section and the low pressure turbine section, it is common practice to have these
two turbines constructed separately and coupled together at the shaft. The steam that
exhausts the intermediate pressure section has to get to the input of the low pressure
section and this steam piping is known as the crossover section.

To improve efficiency, most turbine designs will send the exhaust steam of the
high pressure turbine back to a set of tubes in the boiler call the reheater tubes where
the steam picks up more thermal energy in the boiler and this increases the enthalpy or
energy contained in the steam. The lines from the discharge of the high pressure steam
turbine to the reheat section of the boiler are called the cold reheat lines. Once thermal
energy is added to the steam in the reheat section of the boiler or steam generator,
this reheated steam is sent back to the intermediate pressure turbine through piping
known as the hot reheat lines. In this design, in the low pressure turbine the steam
enters the center of the low pressure turbine and expands in both directions across
the LP turbine blades. This is done to minimize the axial thrust on the turbine shaft
thereby reducing the requirements of the thrust bearing on the turbine. Similarly, the
direction of steam flow in the high pressure (HP) turbine is opposite from the flow of
steam in the IP turbine again to minimize the net axial thrust generated on the shaft
of the steam turbine.

For larger rated machines, one reheat line back through the boiler does not
provide adequate improvement in the efficiency of the machine and a second reheater
is added along with a reheat turbine section.

As can be seen from the above discussion, it is very common to utilize multiple
turbines in a power plant. These turbines can be connected in either a tandem com-
pounded unit or a cross-compounded unit. The fandem compounded unit has only
one generator and the generator is coupled to all the turbines. All the turbines and
the generator run at the same shaft speed since they are coupled together to form one
common shaft.

Sometimes to improve efficiencies of the low pressure turbine, the system may
be designed as a cross-compounded system. In a cross-compounded unit, the low
pressure turbine drives one generator and the high and intermediate turbines drive
a different generator. In the cross-compounded unit, low pressure turbine can oper-
ate at a different speed (lower) than the speed of the high and intermediate turbines
which can allow for a more efficient low pressure turbine design. The lower speed
generator that is driven by the low pressure turbine will have more poles to maintain
the generated frequency of both generators at the same value.

To control the power transmitted to the turbine rotor, we control the flow of
steam through the turbine. Remember that the rate at which energy is transferred
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to the turbine from the steam system was the change in enthalpy of the steam from
inlet of the turbine to the outlet of the turbine times the mass flow rate. Therefore,
by changing the flow rate, even with the same enthalpy values at the inlet and outlet
of the turbine, we can control the rate of energy transfer from the steam system to
the mechanical turbine system. Alternately, we can maintain flow rate the same, but
if we adjust the header pressure of the boiler, this changes the enthalpy entering the
steam turbine (by changing the constant pressure line on the Ts diagram that we are
operating on) and by adjusting header pressure we are able to control the rate of
energy transferred to the turbine from the steam system.

Most steam turbines have two or more sets of valves that admit steam to the
high pressure turbine. Depending on the manufacturer, the names of the valves are
different but their function is the same. Manufacturer “G” calls their two valves the
main steam stop valve followed by the main steam control valves. Manufacturer “W”
calls their two valves the throttle valves followed by the governor valves.

The main steam stop or throttle valve is the backup to the main steam control
or governor valve for trip functions. During a turbine trip, should one of the main
steam control valves fail to close, steam would continue to flow through the turbine.
Once the load was removed from the generator then the power into the turbine via
the leaking main steam control valve would exceed the power output of the generator
(which after tripping the generator breaker, the generator power is effectively zero)
and the machine speed would increase to the point of catastrophic failure. To protect
against this, the main steam stop valve also closes on a trip providing two isolation
points between the boiler or steam generator and the input to the high pressure turbine.
Depending on turbine design there are anywhere from one to four main steam stop
valves on the turbine. The main steam stop valve or throttle valve also may have a
function in the startup mode that we will discuss in next paragraph. On a turbine
trip, the fuel to the furnace section of the boiler is immediately tripped or shut down.
However, there is still thermal energy being added to the steam in the boiler due to
residual heat in the boiler and the steam and water in the boiler tubes. Steam is vented
to atmosphere either by control valves or relief valves to dissipate this thermal energy
until a steady state thermal condition is reached in the boiler or steam generator.

The main steam control or governor valves are the primary means of controlling
the steam flow to the high pressure turbine. There are always as many main steam
control valves or governor valves on the machine as there are arc sections in the
nozzle box (casing that contains the first stage of stationary nozzles). Each governor
valve on the machine provides steam to one of these arc sections. See Figure 11.7 for
arrangement of valves and the nozzle box arrangement for partial arc admission.

There are two methods of control of the main steam control or governor valves,
partial arc admission or full arc admission. See Figure 11.7 for arrangement of steam
valves for this discussion. During full arc admission, all the control valves open or
close by equal amounts to admit the same flow of steam to all arc sections. This is
done during startup to ensure that all sections of the first row of turbine blades see
about the same steam flow and this ensures even heating of the first section of tur-
bine blades during the startup process. Since, during the startup process the steam
flow required is small, the main steam stop valve or throttling valve is closed and a
main steam stop valve bypass line allows the flow of steam to the main steam control
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Figure 11.7 Location of stop (or Throttle) valves and control (or governor) valves and
concept of partial arc admission.

valves. Alternately, if the steam flow requirement exceeds the ability of the stop valve
bypass line, the main steam stop or throttle valve can be controlled to control the flow
to the main steam control valves. The drawback of throttling the main steam control
valve in this process is that the valve losses are higher. Energy losses occur anytime
you have a differential pressure across a valve with some amount of flow through
the valve. During full arc admission, when all main steam control or governor valves
are partially open with flow through all the valves, this presents a pressure drop and
associated loss at each valve. As we will see in the next paragraph, during partial
arc admission, some of the control valves are closed and, with no flow through these
valves, there are no throttling losses across these valves. Therefore, valve losses dur-
ing full arc admission exceed the value of valve losses during partial arc admission.

During normal steady state operation of the turbine, to improve the turbine
efficiency, the operation of the turbine valves is changed over to partial arc admission.
During partial arc admission the control valves are controlled independently. Some
valves are fully closed while others are opened from the 0% open state to 100% open
state. Once one governor valve hits the fully open state, then the next governor valves
begins to open. The advantage of this system is that it reduces the valve losses across
the governor valves. A fully closed valve will have zero valve losses because, even
though there is a pressure drop across the valve, the flow through the valve is zero.
Since the throttling loss is proportional to the product of the differential pressure
across the valve and the flow through the valve, the loss is zero since the flow is zero.
A fully open valve will have near-zero valve losses because, even though there is
flow through the valve, the pressure drop across the valve is almost zero. Since the
pressure drop energy loss is proportional to the differential pressure across the valve
and the flow through the valve, the loss is zero since the differential pressure across
the valve is zero. The degree of arc admission is defined in equation (11.1).

Degree of arc admission = 360° /# of valves (11.1)

Similarly in the inlet to the reheat or intermediate pressure steam turbine, there
are two valves to provide isolation to the IP and LP turbines. The first valve is the
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Figure 11.8 Simplified steam turbine valve arrangement.

reheat steam stop valve. This valve serves as a backup to the reheat steam intercept
valve for trip to isolate the steam flow to the IP and LP turbines during a trip. The
reheat steam stop valve feeds steam to the reheat steam intercept valve. The reheat
steam intercept valve is the primary valve that shuts during a trip to remove steam
flow from the IP and LP turbine sections. It also serves as steam control to these
sections during load swings to maintain turbine mechanical power and torque within
the needs of the generator that is driven by the turbine shaft. Figure 11.8 shows a
simplified model of the arrangement of the steam control valves.

In addition to valves that isolate and control the steam admitted to the steam
generator, there are valves designed to vent off steam from the turbine stages. These
are known as ventilator valves. These valves will bleed trapped steam off from the
turbine after a trip event. This is done to ensure that trapped steam in the turbine will
not continue to drive the shaft after a trip thereby resulting in an overspeed condition.

There are basically four types of steam flow control methods for controlling the
flow of steam through the steam turbine.

. Throttling control
. Governing control

. Variable pressure control

W N -

. Hybrid variable pressure and governing control

Throttling control is where the main steam control valves are controlled in the
full arc admission mode. The main steam line pressure is held constant. In this mode,
all the control valves are at the same position and the same amount of steam flows
into each arc section in the nozzle box. This is the least efficient of the four control
types listed, but does have the benefit of even heating of the first stage turbine blades
and is used during startup to ensure even thermal expansion of the turbine blades and
casing.

Governing control is where the main steam control valves are controlled in the
partial arc admission mode. The main steam line pressure is held constant. In this
mode, the control valves are individually controlled to minimize the pressure drop
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loss across the valve assembly. This mode of control is more efficient than the throt-
tling control mode. This is the control mode most utilized under full-load conditions.
These are the two most utilized modes of control. In addition to these methods, there
are two more modes of operation.

The variable pressure control is where the boiler or steam generator main
steam pressure is varied and the control valves are left in a fixed open position. Instead
of maintaining the pressure constant and controlling the flow of steam through the
turbine in the throttle control or governing control modes, the variable pressure
control mode controls the inlet pressure to the first stage and does not control flow.
Remember back to thermodynamics, the rate of energy transferred to the turbine is
the difference in enthalpy between the steam inlet of the turbine and the steam outlet
of the turbine times the mass flow rate. In the governing control and throttling control
mode, we are maintaining the pressure difference and, therefore the enthalpy differ-
ence across the turbine blades, but we control flow to control the energy transferred.
In the variable pressure control mode, we maintain flow relatively constant, but by a
reduction of the main steam side pressure, we reduce the enthalpy difference between
the inlet and outlet of the steam turbine thereby controlling the transfer of energy
from the steam system to the turbine system. The benefit of this system is that by
leaving the main steam control valves in the open position, we avoid the losses asso-
ciated with valve loss. The main drawback of this system is the limited load response.
Using governing or throttling control modes, the valve position can quickly change to
follow load changes. With the variable pressure control mode, to change the pressure
in the main steam line, the firing rate of the boiler must first be changed to change
the heat transfer to the superheat plenum section. This change of firing rate is much
slower than simply changing valve position. Therefore, the variable pressure mode of
control is inherently significantly slower than either governing or throttling control.

Since variable pressure control has the best efficiency, but governing control
has the quicker response, a possible fourth mode of operation is the hybrid variable
pressure and governing control system. In this mode, under steady or slow transition
operation, the steam generator or boiler pressure is varied and the main steam control
valves are fully open for full arc admission. During transients, the control valves are
allowed to move to allow for quick response to system load changes.

Figure 11.9 shows the typical physical arrangement of the turbine section from
a side view.

The shaft of the high pressure turbine is connected to a shaft with instrumenta-
tion and equipment to support the operation of the turbine. This section of the turbine
is called the front standard as is shown in Figure 11.10. The front standard contains
the turbine lube oil pump, mechanical tachometer feedback for the overspeed protec-
tion, the thrust bearing and the #1 radial bearing. The bearings are numbered from
the front standard to the generator end with the front standard bearing being the #1
radial bearing to the other end of the shaft where the generator exciter exists that
has the highest numbered bearing. Figure 11.11 shows the typical bearing numbering
arrangement for a typical tandem compounded turbine generator arrangement.

To protect the low pressure turbine casing from an overpressure condition, there
are overpressure diaphragms or rupture discs on top of the turbine shell. These are
designed as weak points in the low pressure turbine casing and, in the event of an
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Figure 11.9 High pressure (HP) steam turbine side view. Source: Reproduced with
permission of U.S. Navy Training Manual.

overpressurization of the low pressure steam line feeding the low pressure turbine,
these are designed to blow out, thereby protecting the low pressure turbine casing
from damage due to the overpressure condition.

The turbine is cooled by the flow of steam through the turbine. This is important
to the last stage of the low pressure turbine blades. During low steam flow conditions,
another system must be used to remove heat from the last stage of turbine blades.
There is an exhaust hood system in the last stage used to provide a cooling spray for
the last stage under these low flow conditions.

After shutdown of the turbine while the turbine metal is still hot, the top of
the rotor is heated by the turbine metal, while the bottom of the rotor is cooled from

. #1 Bearing
W casinds

pump

Figure 11.10  Turbine front standard.
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the condenser. If the turbine shaft is stopped and not rotated, the top of the turbine
rotor will tend to expand more than the bottom of the rotor due to this temperature
difference. If left unaccounted for, this will cause the turbine rotor to bow upwards
which can lead to rotor deformation. To prevent this, after the turbine is shut down,
the turbine’s rotor is slowly turned by a turning gear to ensure even rotor heating until
the turbine temperatures are reduced to safe values where this phenomena does not
occur. Once the turbine metal temperatures reduce to below 200-300°F (depending
on turbine manufacturer recommendations), the turning gear can be turned off. Nor-
mally an electric motor drives the turning gear to rotate the shaft. However, in the
event that the turbine trips and stops during an event where all electrical power is
lost, there is either a DC motor that can drive the turning gear or there may be an air
drive that can drive the turning gear in the event the AC electric motor is unavailable.

Various systems are needed to support the operation of the steam turbine. The
space between the turbine casing and the rotor provides a possible location for steam
to leak out of the turbine casing or air to leak into the turbine casing causing a loss of
vacuum in the condenser. To prevent this, radial shaft seals are used to provide a bar-
rier between the atmosphere in the turbine casing and the outside air. The stationary
portion of these radial shaft seals are shown in Figure 11.12.

Induction of water into a hot spinning turbine is an event that can cause severe
catastrophic damage to the turbine blades and casing. Water in the turbine can
impinge on the spinning blades causing them to break off while spinning at or near
full speed and damage both rotating and stationary members. To prevent water induc-
tion, the main steam lines and reheat lines have low point drains or traps. These drains
function to collect water and moisture from the lines. When the level in the drain trap
reaches the high point, the drain valve opens automatically until the water in the trap
reaches the low point where the drain valve closes. This prevents water from being
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Figure 11.12  Radial shaft seals. Source: Reproduced with permission of U.S. Navy
Training Manual.
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entrained in the steam flow, while at the same time providing a seal to prevent steam
from leaking to the atmosphere through the low point drain trap.

Maintaining metal temperatures of the steam plant equipment within design
limitations is critical to reliable turbine operations. The temperature of the main steam
entering the high pressure turbine must be closely controlled. De-superheat spray
or attemperation lines are used to spray condensate into the main steam lines when
main steam temperatures exceed rated values to reduce those temperatures back under
operational limits.

TURBINE SAFETY

In electrical systems, a protective relay does not provide any control functionality,
but continuously monitors the operation of the electrical system for any abnormal or
unsafe condition. In the event the relay detects an abnormal condition, the protective
relay provides some mechanism to remove that unsafe condition. Similarly, turbines
have safety devices. These safety devices do not provide any normal control functions
but continuously monitor the operation of the turbine for any unsafe condition. When
the safety device detects an unsafe condition, the safety device provides some mech-
anism to remove that unsafe condition. All turbines have at least four safety devices:

An overspeed trip
A back-pressure trip
A low-oil pressure trip or alarm

An emergency hand trip

The overspeed trip shuts off the steam supply to the turbine after a predeter-
mined speed has been reached, thus stopping the unit. Overspeed trips are set to trip
out at approximately 110% of normal operating speed. This is to prevent catastrophic
failure of the turbine due to excessive vibration and centrifugal forces that may occur
in an overspeed condition. The most likely cause for an overspeed condition is a full-
load rejection that would occur if the main generator breaker was to open while the
unit was operating at full-load condition.

The back-pressure trip closes the throttle automatically whenever the pressure
at the exhaust of the low pressure turbine reaches a set pressure. The most likely
cause for a back-pressure trip would be loss of condenser vacuum due to either loss
of vacuum pumps or air ejectors or possibly loss of the circulating water system.

The low-oil pressure trip closes the throttle if the lubricating oil pressure
drops below a specified pressure. Some turbines only have low-oil pressure alarms.
The typical lubricating oil system of a steam turbine generator has three sources
for required pump head to provide lubricating oil the system. The primary pump is
directly connected to the turbine shaft. As shown in Figure 11.10, the shaft driven
oil pump for bearing lubrication is located in the front standard of the turbine. This
is the normal source of lubricating oil pressure when the turbine is operating at
rated speed. A secondary pump may be provided that is driven by an electric motor
fed from the station AC electric system. This pump provides lubricating oil during
periods of startup and shutdown, when the shaft-driven lubricating oil pump is not
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able to provide this pressure. A third pump may be provided that is driven by an
electric motor from the station DC system and it is intended to be the emergency
backup source of lubricating oil pressure should the AC system fail.

The emergency hand trip provides for a method to manually close the throttle
quickly in case of damage to either the turbines or generators.

The purpose of the exhaust hood spray as mentioned before is to maintain the
last stage turbine blade temperature during periods of low flow. If this stage exceeds
rated temperatures it can thermally expand and make contact with the seal in the
casing surface causing damage to the rotating and stationary sections. If the exhaust
temperature out of the turbine section exceeds manufacturer recommended values,
the turbine should be tripped. Additionally, the low pressure turbine exhausts into the
condenser where a low vacuum is maintained to maintain the heat rate of the steam
cycle. Should vacuum be lost in the condenser, the heat rate will suffer greatly and,
in addition, damage can occur to the last stage turbine blade section. To prevent this,
on a loss of condenser vacuum, the turbine should be tripped.

For proper operation, various system parameters must be monitored to ensure
reliable turbine operation. The shaft speed must be monitored to ensure speed is main-
tained within safe operational limits. The position of the control valves must be mon-
itored to ensure adequate steam flow. Additionally on a normal unit shutdown the
power of the generator is monitored along with the position of the control and stop
valves. Once the stop and control valves are completely shut and once we sense a
power reversal at the generator, the generator breaker is tripped. This ensures that,
when the generator breaker opens and the power demand by the generator from the
turbine is removed, that the steam turbine will not overspeed. As mentioned previ-
ously, we must monitor the vibration at all the bearings of the turbine generator. We
also monitor the expansion of the turbine shell and the bearing metal temperatures.
We monitor and trend at the steam pressure and temperature both at the input to the
turbine as well as at the exhaust to the condenser as this provides information on the
enthalpy of the steam entering and leaving the turbine.

Bearings are the devices that support the weight and restrain the operating
forces of the turbine. They are very basic in their design but very critical to safe opera-
tion of the turbine. The following safety precautions will help prevent most casualties.

* Never use a piece of machinery if the bearings are known to be in poor
condition.

* Where possible, be sure that bearings have the proper quality and quantity of
lube oil before starting the machinery.

* Rapid heating of the bearing is a danger sign. A bearing that feels hot to the hand
after an hour’s operation may be all right, but the same temperature reached in
10 or 15 min indicates trouble. Monitor bearing temperatures and vibration for
early indication of impending bearing failure.

* When disassembling a bearing, take care to document the order of disassembly
and document the location and orientation as each part is removed to ensure
it is installed correctly. Also insure all parts are reassembled especially any
parts that may be providing electrical insulation between the bearing shoes and
ground potential.
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The turbine has very close clearances internally in the machine between the sta-
tionary and rotating sections. The turbine grows due to thermal expansion from a cold
state to an in service state. Sometimes this expansion can be up to 1 in. or more. If the
expansion of the turbine casing is not even, then the clearances between stationary and
rotating members of the machine can be reduced to the point where contact is made
between the stationary and rotating sections. In the event the turbine expansion is not
within manufacturer tolerances, the turbine should be tripped to protect the machine.

TURBINE VIBRATION

Steam turbines have a very large amount of inertia in their rotating mass and vibration
should be closely monitored. Issues with either the balance of the rotating section, the
generator field, the oil lubricating system, or the bearing surfaces can cause exces-
sive vibration which can damage the machine quickly. Depending on the technology
utilized, vibration can be monitored utilizing proximity probes (providing vibration
in units of displacement peak to peak), velocity sensors (providing vibration in units
of in./sec) or accelerometers (providing vibration in units of in./sec?). All three types
of vibration monitoring sensors provide valuable data regarding machinery vibration
and, given that the movement of vibration is sinusoidal, the three units of measure-
ment are related to each other. The relationship between displacement and velocity
is similar to the relationship between the diameter of a circle (displacement peak to
peak) and the circumference of the circle. Knowing that the relationship between the
circumference of a circle to the diameter of the circle is the value z, we can convert
from units of displacement to units of velocity utilizing equation (11.2):

V=rxXxFXD (11.2)
where
V = velocity (in./sec)
F = frequency (Hz) or (cycles/sec)
D = displacement (in. peak to peak)
Example 11.1 What is the vibration in units of in./sec of a piece of equipment

rotating at 1200 rpm given that the displacement is measured as total displacement
of 10 mils peak to peak?

Solution:  First, we must convert our units of measurement of displacement from
mils peak to peak to inches peak to peak. Knowing that 1000 mils = 1 in., we find
the displacement to be

D = 10 mils peak to peak X (1 in./1000 mil)
D = 0.01 in. peak to peak

Now, we utilize equation (11.2) to find the velocity of vibration to be

V=gXxFxD
7 X 1200 x 0.01
37.68 in./min
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However, the standard units for velocity are in inches per second, so converting
to standard units, we find

V = (37.68 in./min) X (1 min/60 sec)
V = 0.628 in./sec

Example 11.2 What is the vibration in units of inches per second of a piece of
equipment rotating at 3600 rpm given that the displacement is measured as total dis-
placement of 10 mils peak to peak?

Solution:  Just as before, we must convert or units of measurement of displacement
from mils peak to peak to inches peak to peak. Knowing that 1000 mils = 1 in., we
find the displacement to be

D = 10 mils peak to peak X (1 in./1000 mil)
D = 0.01 in. peak to peak

Now we utilize equation (11.2) to find the velocity of vibration to be

V=aXxFxD
V = 7 X 3600 cycles/ min X 0.01 in. peak to peak
V =113 in./min

However, the standard units for velocity are in inches per second, so converting
to standard units we find

V = (113 in./min) X (1 min/60 sec)
V = 1.884 in./sec

Notice from Examples 11.1 and 11.2 that, with the same value of vibration
when given in terms of displacement, these two examples result in different units
of vibration when given in terms of velocity. Typically, mechanical vibr