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ABSTRACT

Objective: To identify and develop solutions for known gaps in existing electrical
engineering curricula, by creating instruction modules applicable in a variety of settings.
These instructional packages include: conductor sizing, conduit routing, how to read and
create a P&ID, arc flash calculations, and area classification. With regards to conductor
sizing, the importance of specifying the correct size of conductor, the standard sizes of
conductors, the types of conductor insulation, and finally detail the calculations of
conductor sizing and voltage drop will be discussed. The conduit routing module will
introduce the student to basic guidelines of conduit routing as well as to different fittings
and seals needed in the running of conduit. This is achieved by walking students through
the conduit sizing process, including standard conduit sizes. The P&ID module
introduces the standard symbols needed to read and understand a piping and
instrumentation diagram. Reserved letters are the first topic discussed in this module,
then the types of “bubbles” and connection lines, and finally the types of end equipment.
The arc flash module will focus on several ways to calculate the energy of an arc flash, as
well as the safe working distance for a given piece of electrical equipment. The area
classification course will introduce the importance of designing with this identification
system in mind. It emphasizes the four different ways of calculating a hazard radius for
equipment, both indoors and outdoors. All of the modules have example calculations as

well as design projects for the student to check their understanding.
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I. Introduction
“The man who graduates today and stops learning tomorrow is uneducated the

day after.” Newton D. Baker, mayor of Cincinnati 1915-1921.

A. Problem Definition

Engineering students are expected to learn quite a bit in four years. Everything
from calculus to controls, power systems to physics, programming to polynomials; every
year brings new topics and ideas that are considered essential to the core education of

tomorrow’s builders, programmers, designers and technical specialists.

Of course, it’s impossible to cover everything. Students still have an expectation that
they will graduate in four years; educators and administrative officials must engage in an
increasingly complex balancing act of deciding what is and isn’t relevant. Fortunately,
well rounded engineers do not stop seeking new knowledge and understanding simply

because they can now hang a frame on their wall with the word “Engineer” in it.

After extensive research the author found that there was very little educational
material for the topics presented in this thesis. The information is available; however, a
comprehensive guide for these topics is not. Therefore, the author took it upon herself to
compile the information needed to learn about the topics contained in this document in an
effort to make the process of continuing education more accessible. Ideally, these
modules will provide relevant, compartmentalized practical knowledge that allow
interested educators and students to rapidly grasp the concepts as presented and apply

them in real world scenarios.



B. Motivation

The author's direct educational experience exposed gaps in present day
engineering curricula; further experience in industry identified a clear need for
matriculating students to have prior knowledge of particular practical topics rather than
uneven and inconsistent on the job training. Part of the undergraduate degree at the
University of Louisville involves completing a year of work experience through the co-
operative learning curricula. When the author started the first portion of this program, she
found that the theoretical topics that were presented in the classroom were of little use in
industry. These topics, focused on heavily during classes, only gave the background
information an engineer would need; on the other hand, practical topics that were
frequently needed on a daily basis got passing mentions in the lecture hall, if any at all,
and with none of the practical knowledge needed to apply these theories. The author
spent most of the first semester just learning the different topics that are presented in this
thesis. The author also realized that the co-op year was only as good as the company that
a student worked for. Some co-op positions did not provide an opportunity for the student
to discover the inadequacies in their knowledge base. This thesis is a guide for students
that feel they lack necessary practical knowledge they will require when they enter the
workforce. The modules that are included in this thesis are condensed so that the reader

does not have to spend months researching the different topics.



C. Purpose

It is the intention of the author, that this paper be included among the many
materials that form a basis for the ongoing education of electrical engineering students
and recent graduates in electrical engineering who seek to stay current in today’s rapidly

changing technical environment.

Presently in electrical engineering curricula, a large variety of course topics are
usually covered; these include but are not limited to circuit theory, transmission line
theory, signal theory, uses of semiconductors, physical electronics, calculus, particle
physics, microelectronics, computer programming, and computer design. However, once
a ‘traditionally’ trained engineer leaves academia and enters the workforce, several
significant gaps tend to appear in this knowledge base. There are several detailed
practical knowledge topics that simply are not covered in the current curriculum. These
practical topics are, generally: relay logic, ladder logic, conductor sizing, voltage drop
considerations and calculations, plc programming, conduit sizing and routing, arc flash
energy calculations, as well as the ability to read and interpret a piping and

instrumentation diagram (P&ID) and area classification drawings.

The overarching goal of this thesis is to design and develop learning modules
which may be used in a number of ways to help fill in the knowledge gaps left by a
traditional accredited engineering education. These approaches will address issues
associated with the education of newly hired engineers and professional development of

current engineers. The development of a senior level course for students that want to



work in the power and controls industry or as retraining modules for non-engineers to

better understand engineering decisions will also be addressed.

D. Literature Review

This effort attempt to use evidenced based educational strategies for the
developed modules. This following literature review justifies the selection of designed
base learning as an instructional strategy for the developed modules.

Problem based learning focuses on presenting the student with risky, open ended
and highly situational challenges, usually with multiple different solutions which may or
may not be commensurately effective. This philosophy differs from the standard model
of teaching in most collegiate and university level courses, which rely primarily upon
lecture and testing, which leads to unequivocal, single answer outcomes that do not

adequately account for the real world variables in play.

Based on research performed on anagogy the author of this paper has determined
that for engineering courses, design or problem based learning is superior to the
prevailing traditional methods of teaching. As Linda Nilson states in her book Teaching

At It’s Best: A Research-Based Resource for College Instructors:

“An enormous amount of research on STEM education all leads to the same conclusion: inquiry-
guided, problem-focused, and collaborative, alternative teaching strategies are more effective than
traditional lecture. Students who learn by these newer approaches leave their STEM courses with

better skills in higher —order thinking, problem solving and experimental design.” [1]



Ms. Nilson speaks of STEM (Science, Technology, Engineering, and
Mathematics) fields throughout her book specifically when introducing the problem
based and collaborative learning styles. [1-4] Therefore, the objective of the modules will
be to present the student with a practical challenge or obstacles that must be solved. The
pupil will be expected to apply the knowledge gained in order to design a solution to the

problem at the end of the module. [1-4]

Design based learning is not the only way that the student will be assessed; the
modules will also include some traditional problem based assessment for the student to
gauge their skill before attempting the design project. Studies have also shown that hands
on learning activities lend practicality to engineering students. Many engineering students
have side projects that they work on in their spare time that complements what is being
learned in theoretical classes. These students, if properly engaged in hands on learning,
will be more likely to graduate from an engineering curriculum.[2, 4, 5] To successfully
complete the modules herein the author recommends the student acquire a copy of the

Ugly’s Electrical References [6].

E. Module Overview

After experiencing the gaps in knowledge between the curriculum and practical
experience firsthand, and discussing the issue with power and controls professionals,
including engineers, the author has chosen several topics for the educational modules.
The first of these modules covers the basics of conductor sizing. This module will discuss
the importance of specifying the correct size of conductor, the standard sizes of

conductors, the types of conductor insulation, and finally detail the calculations of



conductor sizing and voltage drop. The second module includes the basics of designing
conduit runs. This module will also introduce the student to different fittings and seals
needed in the running of conduit. This module will walk a student through the conduit
sizing process, including standard conduit sizes, then detail several types of conduit
fittings that are frequently used in industry. The third module will introduce the standard
symbols needed to read and understand a piping and instrumentation diagram. Reserved
letters are the first topic discussed in this module, then the types of “bubbles” and
connection lines, finally the types of end equipment. The fourth module will discuss arc
flash. This module will include several ways to calculate the energy of an arc flash, as
well as the safe working distance for a piece of electrical equipment. Finally, the fifth
module will introduce the topic of area classification, and the importance of designing
with this classification in mind. This module will discuss four different ways of
calculating a hazard radius for equipment both indoors and outdoors. Each module is
presented in a separate sections, with module 1 being in section 11, module 2 being
section 111, etc. Each module begins with student learning outcomes, followed by
background information on the topic, and then a design project. Lecture slides and
comments on a solution for the design project are included the appendices. Conclusions

and recommendations are provided in section VIII.



I1. Module I — Conductor Sizing

A. Student Learning Outcomes:

The student with 70% or higher on the project will:

1. Assess and calculate the conductor sizes and voltage drop by utilizing
the charts in Ugly’s Electrical References and the formulas provided
herein to answer the project question within the parameters given.

2. Assess the type of insulation needed by using the charts in Ugly’s
Electrical References to answer the project question within the

parameters given.

B. Conductor Sizing information:

Before one can understand conductor sizing there are a few topics that need to be
discussed. First, how conductor sizes are expressed and, secondly, what the different
types of conductors are. Conductor is measured in gauges and kilocircularmills (kemil).
Smaller conductor is measured by gauges; usually the smallest that is used for an
industrial conductor is a #12. As the conductor becomes larger the gauge number
becomes smaller. For example, a #3 conductor is much larger than a #10. This trend
continues until one reaches the #1. The next size larger is a 1/0; this continues until one
reaches a 4/0. After the 4/0 conductor, larger conductors are measured in kcmils, which
reflects the diameter of a given conductor instead of an arbitrary number, see Table 1.1

from the Ugly’s Electrical References Table titled “Dimensions of Insulated Conductors

and Fixture Wires”. The second topic one must understand is the different types of



conductor. This is best described in the Ugly’s Electrical References table titled

“Conductor Applications and Insulations” Table 1.2 has a sample from this table.

Table 1.1 — Conductor Sizes [6]

Type Size Approximate Area (square
Inches)

THHN 14 0.0097

THWN 12 0.0133

THWN-2 10 0.0211

Table 1.2 — Conductor Types [6]

Trade Name Letter Max Temp. Application Provisions

Heat-Resistant THHN 90°C Dry and Damp

Thermoplastic (194°F) Locations

It is imperative that an engineer knows what medium he or she will be running the

conductor though — such as air, soil, concrete, or conduit , see Table 1.3 an excerpt from

the Ugly’s Electrical References table titled “Allowable Ampacities of Conductors:

Raceway, Cable or Earth.” There are different sizing tables for these mediums because of

the issue of residual heat. An additional important factor to consider is how the conductor

is insulated against these environmental circumstances; in most cases the insulation can

be optimized to withstand these conditions by specifically countering any corrosive




elements present based on the chemical composition of the insulation itself. For

example, in a chemical process where benzene is present, the insulation might consist of

elements that do not react with that compound. Failure to properly account for

environmental conditions leads to insulation breakdown and ultimately can compromise

the conductor run in an unsafe manner.

Table 1.3 - NEC Tables for Allowable Ampacities[6]

Size 60°C 75°C 90°C 60°C 75°C 90°C Size
AWG | Types Types Types Types Types Types AWG
or TW,UF RHW, TBS, SA, | TW,UF RHW, TBS, SA, or
kemil THHW, etc etc. THHW, etc etc. kemil

Copper Aluminum or Copper-Clad Aluminum
8 40 50 55 35 40 45 8

When considering any conduit of multiple conductor runs, if there are more than
three conductors that need to be run together then it is necessary to use an adjustment
factor, see Table 1.4 a sample of the Adjustment Factor table in Ugly’s Electrical
References. Adjustment factor, commonly called the de-rate factor, is a method by which
the excess heat generated by a conductor is accounted for, in order to prevent breakdown
of the conductor or cable run. If there are four to six conductors run together, the upper
limit of current that may be safely utilized can only equal 80% of the rated capacity of the

particular gauge of conductor.




The NEC also explains how to use the adjustment factor based on the number of
conductors that are included in a bundle. For example, if you needed to run five THHN
conductors though a conduit, and you needed to deliver 75 amps, the NEC states that
when the specification is for three conductors, they should be size #6. However, there are
five conductors in this bundle, so a #6 conductor is too small. Using the adjustment factor
principle, size #4 conductors must be run. To calculate the conductor size with
adjustment you take the rated amps of the larger conductor - in this case, a #4 conductor
is rated up to 95 amps - and multiply it by the adjustment factor. This example gives 95

amps * .8 = 76 amps.

This solution does meet the requirements for the original problem; however, in
practice some companies like to make a more conservative size choice. In order to
implement a margin for error, the specification would now push the conductor size up
one more step to #3. In this manner, even if there were an over-current event the
conductor would be able to handle the excess amperage without issue. In a later module,
the size of the conduit that would need to be specified to hold these conductors will be

examined (this module is focusing strictly on conductor sizing).

Table 1.4 — Adjustment Factors|[6]

Number of Current Carrying Percent of Values in Tables 310.15(B)
Conductors (15) Through 310.15(B)(19) as Adjusted

for Ambient Temperature if Necessary

4-6 80

10



Overheating is not the only problem an engineer must face when sizing
conductor. When a conductor run is very long, the engineer will have to consider voltage
drop as well. VVoltage drop becomes an issue when the conductor is too long and/or
narrow for the full amount of carried voltage to reach the other end of the conductor run.
This issue can impact the function of the system by starving components of the necessary
power they require to operate. This can cause unacceptable power interruptions in

critical components or even cause components to fail catastrophically.

Generally speaking, the acceptable level of voltage drop is three percent of the
total voltage required by the system. To obtain an acceptable percentage of voltage drop
an engineer can compensate by increasing the conductor size so that the system functions
normally. To fully explain voltage drop first one must equate it to the most recognizable

formula in electrical engineering, Ohm’s Law.
v =1IR

In the above equation v is the voltage across a section of circuit, i is the current running
through the conductor, and R is the resistance of the component; this can include the
conductor or another electrical component. This looks very similar to the voltage drop
formulas where the difference is resistance is broken down into its elementary parts,

resulting in the following equation:

[
R:pz

11



In the equation above p is the resistivity of the material, | is the length of the material and
A is the area of a cross section of the material. If one uses these same variables in the

voltage drop formula, we arrive at:

R=K L
T Cm

In the above equation K is the resistivity of the material, L is the length of the material
and Cm is the cross sectional area of the material. Replacing resistance in Ohm’s law
with this new definition changes the equation thusly:

. L
v=IiK—.
cm

There is a correction factor for three phase and single phase circuits in the voltage drop
calculations that allows the formula to output a percentage versus a voltage. Thus, the

following equations are used.

For single phase circuits:

2KLI
d="—

For three phase circuits:

1.73KLI
Vd =
Cm

In the above equations Vd is voltage drop a percentage, | is current in amps, L is length of
the run in feet, Cm is the cross sectional area of the conductor in circular mils and K is the
resistance in ohms of 1 circular mil foot of the conductor. For 167°F K=12.9 for copper

and K=21.2 for aluminum.

12



For example, the engineer must run 5 #3 THHN conductors. Assuming that the run is

very long, the engineer will use 500 feet. What is the voltage drop for these conductors?

First the engineer must know if this is a single phase or three phase circuit. Five
conductors are being run this is indicative of one three phase and one single phase circuit.

First calculate the three phase voltage drop.

1.73KLI
Vd =
Cm

_ (1.73)(12.9)(500)(75)
B 52620

vd

Vd = 15.9%

The amount of voltage drop that is acceptable is around 3%, so this conductor is too
small for the circuit to function properly. Therefore, the engineer must raise the
conductor size to accommodate the length of the run. A voltage drop of 15.9% is very
large; by interpolation the engineer must raise the size of the conductor several sizes,

trying a 2/0 size conductor, generating the following calculation:

1.73KLI
Vd =
Cm

_ (1.73)(12.9)(500)(75)
B 133100

vd

Vd = 6.3%

This voltage drop is still too large; therefore, the conductor must be larger than a 2/0

conductor. Trying a 300KCMIL conductor:

1.73KLI
Vd =
Cm

13



_ (1.73)(12.9)(500)(75)
B 300000

vd

Vd = 2.79%

The final conductor size that must be used is a 300KCMIL conductor. This size is the
smallest that allows the voltage drop to be within specifications. Now the engineer must
calculate the single phase voltage drop, because the formulas are very similar to each
other the engineer can safely assume that the single phase conductor size will be close to

the three phase conductor size.

Vd = 2KLI
T Cm

_ (2)(12.9)(500)(75)
B 300000

Vd = 3.2%

This voltage drop is close to the value that the engineer wants but, it is still too high. The
engineer must raise the size of the conductor once again. Calculating for a 350KCMIL

conductor:

Vd = 2KLI
T Cm

_ (2)(12.9)(500)(75)
B 350000

Vd = 2.8%

This exercise has successfully shown that the length of the conductor run can impact the

sizing of the conductor dramatically.

14



C. Module 1 Design Project: Conductor Sizing

The customer has a system that is composed of a three phase space heater (75A) and a
single phase lighting circuit (50A). If the customer specifications state everything in the
plant must be able to endure temperatures that exceed 150°F. The power panel is 250 feet
from the loads, and the single conduit must be run overhead. a) What type of conductor
would you need to use? b) How big must the conductor be? c) What is the voltage drop

over the length of the conductor? Explain your choices.

15



I11. Module 11 — Conduit Runs

A. Student Learning Outcomes:

The student with 70% or higher on the project will:

1. Assess and calculate the conduit size utilizing the charts and the
formulas provided herein to answer the project question within the
parameters given.

2. Originate the route of the conduit by using the charts herein and
revising the drawing to answer the project question within the

parameters stated.
B. Conduit Routing Information:

Conduit runs are one of the most overlooked duties an engineer can perform.
However, like a good chef performs mise en place (French for “everything in its place”),
a good engineer responsible for designing a facility spends a good deal of time and
attention on conduit runs. Efficient and effective conduit runs simplify maintenance,
allow for optimum placement of necessary components to the functioning of the plant or
factory, and prevent conductors and cabling from causing impediments to employees
performing their daily duties. Good conduit runs are invisible; awkward or badly laid
conduit is like a pebble in the shoe, always there and annoying everyone who must deal

with it.

16



There are several questions an engineer must answer before starting a conduit run
design. What are the environmental aspects of the area? How many conductors will the
conduit contain? Is the conduit going to be installed above or below ground? What type
of conduit does the customer prefer? Once these answers are available, the engineer can

start the conduit design.

The first step in designing a conduit run is sizing the conduit. This may seem
straightforward; however, there are several guidelines that the engineer must be aware of.
First, calculating the conduit fill is not just calculating the inner area of the conduit.
Second, the NEC and other client specific documentation may differ on how much the
engineer can fill a conduit. Most facilities adhere to the 40% rule, meaning the useable
conduit space is 40% of the total area of the cross section of the conduit. This guideline is
in place mostly to facilitate the installation of conductors in the conduits. If an engineer
were to completely fill a conduit the friction of the conductor upon the interior of the

conduit would prevent the conductors from being pulled through.

Like conductor, conduit comes in a variety of sizes and materials; there is non-
metallic conduit, metallic conduit, and coated conduit. The sizes range from % inch to an
excess of 4 inches. The trade sizes usually are measured ever quarter inch of size. See
Table 2.1 below. The measurement that the engineer will be most interested in for
conduit sizing in this table is the inside diameter, this measurement will be used to

determine the area inside the conduit.
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Table 2.1 - Electrical Metallic Tubing - Steel (Weights and Dimensions)[7]

Trade  Metric 10 U:Vizgl.het:gths Di:n::tledre(l) Sneie gy | RLIESEE
Size Designator

Ib. kg. in. : in. b in. mm.

C-E00050 i 16 30 13.6 | 0.706 | 17.93 | 0.622 | 15.80 | 0.042 | 1.07
C-E00075 %" 21 46 20.9 | 0.922 | 23.42 | 0.824 | 20.93 | 0.049 | 1.24
C-E00100 1 21 67 304 | 1.163 | 29.54 | 1.049 | 26.64 | 0.057 | 1.45
C-E00125 1% 35 101 458 | 1.510 | 38.35 | 1.380 | 35.05 [ 0.065 | 1.65
C-E00150 74 41 116 52.6 | 1.740 | 44.20 | 1.610 | 40.89 | 0.065 | 1.65
C-E00200 20 53 148 67.1 | 2197 | 55.80 | 2,067 | 52.50 | 0.065 | 1.65
C-E00250 25" 63 216 98.0 | 2.875|| 73.03 | 2.731 | 69.37 | 0.072| 1.83
C-E00300 3L 78 263 119.3 | 3.500 | 88.90 | 3.356 | 85.24 | 0.072 | 1.83
C-E00350 | 3 %" il 349 158.3 | 4.000 | 101.60 | 3.834 | 97.38 | 0.083 | 2.11
C-E00400 4” 103 393 178.3 | 4.500 | 114.30 ( 4.334 |110.08 | 0.083 | 2.11

Using the previous example, from the conductor sizing module, calculate the
conduit size. The circuit requires five 350kcmil conductors. The area of a 350kcmil
conductor from Table 1.2 is .5202 square inches. The circuit requires that the engineer

runs 5 of these conductors.

Total area of the current carrying conductors = (5)(.5202) = 2.601 square inches.

The diameter of the largest conduit on the table is 4.334 inches, and so the inner area of

this conduit must be:

In the equation above A is area, and r is the radius of the circle.

r=d/2

In the equation above r is the radius of the circle and d is the diameter of the circle.



So, for this example:

4 (4.334)2
=TT 2

A = 7.38 inches?

Also, remember that the engineer can only use 40% of the overall inner area of the

conduit.
Ayse = AA
Ayse = 4(7.38)
Ayse = 2.952 inches?

As the engineer can see, above, to run the five 350kcmil conductors requires a four inch

conduit.

There are several types of conduit utilized for different environmental conditions.
These types can be separated into two main categories: metallic and non-metallic conduit.
Metallic conduit can be even further broken down into ridged and bendable types. In
addition, there are even coated conduits (as previously mentioned) for highly corrosive

environments.

To make some of the advanced geometry that is needed to run some conduit there
are several fittings that need to be incorporated. Some of these fittings will be introduced
here. The simplest and one of the most commonly used, fitting is the “LB” (left bend) or
“RB” (right bend). This fitting, shown below in Figure 2.1, turns the conduit to a right

angle either to the left or the right depending on how the electrician installs the fitting.
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The LB in Figure 2.1 is a ridged metallic type fitting. These have to be specified with the

seal and the plate.

Figure 2.1 — LB conduit fitting [8]

Another type of fitting is an Expansion Joint; see Figure 2.2, which must be
placed on very long straight sections of conduit to allow expansion and contraction of the

length without damaging the conduit or conductor therein. [9]

Another conduit fitting crucial to any understanding of run construction is the
conduit seal. Conduit seals must be placed at all area classification boundaries, see Figure
2.3.These fittings are also used when conduit enters an electrical enclosure in a classified
area. [9] There are many more conduit fitting types that connect to make any shape that
an engineer can design, however the mentioned are the most commonly used in the

power and controls industry.

Figure 2.2 — Eaton’s Patented Design Expansion Joint
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compound

Chico A ‘ ' N : %

Cross section Vertical or Vertical Vertical or Vertical
Vertical horizontal female horizontal male &
male female male & female female

Figure 2.3 — Conduit Seal

Additionally, the engineer must remember when running conduit that there cannot
be more than 180 degrees of bend in any run of conduit. This rule makes it possible for
the electricians that have to install the conductor to pull it though the conduit with little
trouble. Additionally, while the NEC states that the conductor pulled thought the conduit
cannot fill more than forty percent of the area of the conduit, there are some facilities that
will only allow the conduit fill to be 25 percent. The best way to run conduit is in the
straightest and shortest way possible. This may seem obvious, but when the engineer
must contend with equipment in place, structural limitations and customer requirements

this is a design paradigm that can be easily forgotten.
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C. Module 2 Design Project Conduit Design:

Look at the piping drawing provided, what size conduit will be needed if run A must
hold 2 #8 and 3 #1 conductors, run B must hold 6 #12 conductors and run C must hold 2
# 8 and 3 #10 conductors? All of the conductors must withstand 165°F. On the drawing

plan the best route for the conduit.
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IV. Module I11- Piping and Instrumentation Diagram

A. Student Learning Outcomes:

The student with 70% or higher on the project will:

1. Choose the correct symbology utilizing the charts provided herein to answer
the project question within the parameters given.

2. Originate a sketch of the measurement system by using the charts herein to
answer the project question within the parameters stated.

3. Decipher the symbols presented by completing the oral in-class activity.

B. Piping and Instrumentation Information:

The first awareness that an engineer must have about piping and instrumentation
diagrams (P&IDs) is that they are purely schematic. A pipe may not show any bends
when going from one place to another on the drawing or diagram; but when it is traced in

the field it may meander around the plant before reaching the destination.

Secondly, there is no set scale for a piping and instrumentation diagram. Two
tanks could be shown the same size on the diagram and be very different volumes in the
field. For electrical engineers the most important symbology is the representations for the

instruments connected to the tanks and pipes.
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There are also different lines for different types of control fluids. For example,
hydraulic control lines are represented with a dashed line. There are different frames
around instruments to tell the engineer if the instrument is in a control room or actually
on the pipe. Additionally, the shape of an instrument tells the engineer what type of

instrument is shown. An example of some common symbols for P&IDs can be seen in

Figure 3.1.
&) @ 1—i /2"
- E' o — | 17
i . L P
.C.

»

iy

an e T 1=t 2'”
1 x 1— 1/ F4 3/'8" i{: @ : /

{

Figure 3.1- Sample P&ID Section

The charts below show samples of the different symbols that can be encountered
on a P&ID. The first step to interpreting these symbols is comprehending how to use the
standard lettering table. There are some letters that are reserved. These are seen in Table

3.1[10].
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Table 3.1- Reserved Letters for P&ID Drawings[10]

Firat letters (1) Succesding letters [15)

Column 1 Calummn 2 Column 3 Cavlurmn 4 Caolumn 5
Measuredinitiating Variable Readout/Passive Oulputictive Function

Variable Madifier Funetion Funetion Madifier

A |Analysi Adarm

B |Bumer, Cambusion Liser's Chiee Lisar's Chaies Lisar's Chios

C |Users Chaies Cortra Clese

D [Usars Choien [ierence, Difrenial, Deniaion

E |Vallage Sensor, Primary Element

F | Fiow, Flow Rale Refie

G [Umers Cheies s, G, Viswing

H |Hend Hich

I |Current It

J | Power Sean

K |Time, Schedule Time: Rate-of Change Cortrol Stafon

L |Lewet Light Low

N Middke, Intemedist

N |users Choice Liser's Chice Liser's Chaice Liser's Chaioe

O |Lser's Cheies Orifice, Resticion Open

P |Fressre Pin {Test Connection)

Q |Cusnity bisgrate, Toizlize terate, Tolalize

R |Rasaton Recrd Run

5 |Seeed, Frequency Salety Swilch S

T |Temperahre Transmil

U |mativariatie Mulbtuncion Khdtituncion

v |Virabon, Mechanical Vilve, Damper, Lotves

Analysis

W [Weight Feres Well, Prebe

X |Unclassified pa m“ﬂ Undassiied Undassfied

Y |Evenl Stele, Pressnce  [¥emi Amcllary Deskces

R o o s
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As an example of how to read this chart, if a P&ID has a symbol on it that is
annotated with “PI” it from column 1 “P” stands for pressure and from column 3 “I”
stands for an indicator. So the symbol is representing a pressure indicator, this is probably
not a glass gauge in the field but is more likely to be a digital readout. If the letters had

been “PG” it would have definitely been a gauge in the field measuring pressure.

Now that the lettering on P&ID drawings has been demonstrated, the next topic
for discussion is the different types of “bubbles” that can be around the letters and their
meanings. These symbols can be seen in Table 3.2. In row one the instrument is located
in the field, usually near the process that it is measuring. In the next row the instrument is
visible in a main central control screen usually separate from the instrument and process
that it is measuring. In row three of this table the readout of the instrument is in a separate
location from the instrument but it is also not in a position to be read normally by the
operator. Row 4 of Table 3.2 this readout is visible by the operator but not on a primary
panel. The last row denotes that the instrument readout is located in a field cabinet and is
not readily visible. Looking now at the columns of Table 3.2, the first column (A) is the
operators primary readout option. Column B is the alternate readout if the environment of
the facility requires different safety options. Column C denotes that this readout is in
software instead of a physical gauge. The discrete instrument bubble tells the reader that

this instrument is not connected into the main control room; it is a standalone instrument.
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Table 3.2- Instrumentation Device and Function Symbols[10]

Shared display,
Shared control c o
A B
Primary
Alternate
No. El'b:‘!ca Cheies Computer Location & accessibility
Basic 3;:“ Srmm Dis crabe

Process | etrumenisd| SoMware

Control siam

System =

Liscated in field.

Mot paned, cabined, or console mounted.
Wisible al Beid lncation.

Mormally aperalor acosssibis.

A O

» Localed in or on frond of central or main panel or
congale.

Visible on front of panel or on video display.

Maormally aperator accessible at panel frant of conaoks.

Liseated in rear of central of main paned.

Licated in cabinet behind paned.

Mot visible on front of paned or on video display.

Mat mormally operator accessible al panel or console.

= Localed in or on front of secondary of local panel or
consale.

*  \isible on front of panel of on wdeo display.

»  Mormally operator acosssible af panel front of consola.

O[O0

AN
NS

Located in rear of secondary of bocal panel.

Located in feld cabinel

Mol visible on front of paned of on video display.

Mot normally operator sccessible &1 panel or congole.

(D
D
D

Using the example from above (the “PI”), if this pressure indicator is located on
the vessel that it is measuring, the symbol to use would have no lines through it. If it is a
primary readout in the control room, it would have the symbol in column A, row 1. If this
indicator was read only in the field, it would be the symbol column D row 1. (See Figure

3.2)
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(o1 )
N/

Control Room Field

Figure 3.2-Divice and Function Symbol Examples

The next issue is how to connect the different instruments together. The first part
of this process is in Table 3.3. This table shows how an engineer should interconnect
different elements. Table 3.3 shows these interconnections using a generic bubble but
that bubble can be replaced by any of the bubble types shown in Table 3.2. Rows one and
two show the format of an element and transmitter, respectively. Next row 3 shows a
close coupled transmitter and element combination, this means that the transmitter and
element are physically attached to one another if not the same piece of equipment. Row
four of Table 3.3 shows the interconnection between the element and a remote
transmitter. These are the interconnections most used in the power and controls industry.
Table 3.4 shows the types of connections available. These connections replace the solid
line that Table 3.3 shows. The more common types of connections that are used are

electric, hydraulic, and pneumatic.
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Table 3.3 — Instrument Interconnections[10]

Symbol

Description

@

—

Generic prmary alement, bubble formal.

Insedt in of an proceas Bow ne, vessel, oF equipment.

Transritier with integral pimary element, bubible Tonmat.

Insedt in or an proceas Bow Ene, vessel, or equipment.

Transmitler with close coupled primary element, bubble format
Connecting line shall be equal 1o or less than 0.25 inches (5 milimaters).

Insedt element in of on process low ine, vessel, or equipmernl

5
B

Tranamibler with remale pnm:r,' element, bubble formal.
Connecting line shall be equal 1o of greater than 0.5 inehes (12 milimeters).

Insedt element in of on process low ine, vessel, or equipmernl

Tranarmifier with integral primary element inserted n or on process fow line, vessel,
ar equipment, bubblefpraphic fomnal.
Insert primary element symbol

3
B

Transriflier with close-coupled primary element insered in of on process Bow Ene,
veasel, or equipment. bubblefgraphic format.

Insest primary element symbol

Connecting line shall be equal 1o or less than 0.25 inches (5 millmeters).

E®

Transmibler with remobe primary element insered in of on procsss flow line, vessel,
or equipment, bubbleigraphic fomat.

Insert primary element symbol

Caonnecting line may be any aignal Bne

Connecting line shall be equal 1o or greater than 0.5 inches (12 milimeters).
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Table 3.4- Instrument to Instrument Connections[10]

Symbol

Application

1A may be replaced by FA [plant air], NS [nifrogen], or GS [any gas supply].
Indicate supply pressure as requied, e.g., PA-T0 kPa, N5-150 paig, elc.

Instrument eleciric power supply.
Indicate vollage and type as required, e.g. ES-Z20 Vac.
ES may be replaced by 24 Ve, 120 Vac, elc.

Instrument hydraulic power supply.
Indicate pressure as required, e.g., HS-TO paig.

Undefined signal.
Use for Process Flow Diagrams.
Use for discussions or diagrams where type of signal i not of concem.

Prieurnatic signal, continususly variable or binary.

Eleciranic or elecirical continuously variahle or binary signal.
Funciional diagram binany signal.

Functional disgram conlinuously variable skgnal.
Electrical schematic ladder disgram signal and power rails.

Hiydraibe signel.

Filled thermal element capilary bube.
Filled sansing line betweean pressure seal and insbrument.

Guided electromagnetic signal
Gusded sonic signal.
Fier oplic cable.

a Ty M,
B M M

Unguided eleciromagnetic sipnals, ight, radistion. radia, sound, wirekess, ste.
Wireless ngtrumentation ﬂgnﬂ.
Wiireless communication link.

—0 o pa—

Communication Enk and sysiem bus, between devices and funclions of & shared
display, shared conlrol system.
OCS, PLE, of PC communication ink and syslem bus.

Communication link or bus connecling two of mone independent MICTOProGesS0T of
comguler-based syslems.
DC5-1o-DC S, DCSA0-PLC, PLCA0-PC, DCS-lo-Fieldbus, elc. conneclions.

— O

Communication link and system bus, betwesn devices and funclions of a fieldbua
gyslem.
Lini frorn and to “inteligent” devices.

Communication link bebvesn a device and a remole calibration adjustment device or
sysbern
Lini from and to “smar” devices.

30




Instead of always using the solid line as shown in Table 3.3 the lines in Table 3.4
can be used to further explain how instrumentation is interconnected. For example, a
temperature element connected to a temperature transmitter by an electrical connection

would look like Figure 3.3.

IT

Figure 3.3-Temperature Element Connected to Temperature Transmitter

The (RTD) in the lower right corner of Figure 3.3 denotes the type of element this
bubble represents. This tells the engineer that it is a “Resistance Temperature Detector”.
The element types can be found in Table 3.5. This table divides the different elements
into process measurement such as flow level and pressure. Each section has various terms

for elements associated with that particular process measurement.
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Table 3.5 -P&ID Measurement Notations[10]

Analysis
AR = Exiess aif FED = Waler oz = Qypgen LIy = Lirgwiclet
CO  w Cabon monoside HIS  ® Hydregen sulfise DF  w Opsely WS W Visible light
COZ  » Caibon doside HUM = Humsidity DRP = Osidaion ieducion WISC  ® Viscosily
COL = Cobr R = ke pH = Hydregenicn .
COMB » Combusibles LC = Ligudchiomalogragh  REF  » Refraciometer .
COMD  ® Elec conductiiy MOIST ® Meishae RI ® Refrachie indes .
DEM  w Density NE W Mg spestiorele TG = Thermal eonductty .
GC ® Gaschiomalogaph NE_ ® Wew iliared TOL = Turshle diode bser .
Flow
CFR ®» Comlanllowequisier OF = Cribeeplale FT  ® Pacllibe VENT ® Venuri libe
COME = Cone OPF-CT = Comer aps PV = Piolvenbui VOR  ® Vorles Shedding
COR  w Cordlis OP-CO w Citle quatrant SMR  w Sonar WOG = Wedge
DOP = Doppler OF-E = Ecoenlic 50N Sanic .
DSON  » Dappler sonic OF-FT ® Flange laps TAR = Tange
FLN  ® Flownazle OF-MH = Wli-hae THER ® Thermal .
FLT = Flowhube OF-P = Pipelsps TIS = Teansilime senic .
LAM  w Laminar OP-VC w Vena contrscts laps TUR = Turbine .
MAG  ® Msgrelic FD  ® Pesiivediplecenmsnt  US = Ullrasonic .
Level
CAP = Cagaciance GAWR = Guided wave gl HUC = Nudear US = Uiirasanic
dp = Diflerentisl pressune LSR = Laser RAD = Radar .
ol ® Disbectric coralan] MAG = Magnelc RES = Resigtance .
OF = Differential M5 = Magnelosliicive SON = Semic =
Pregsame
PES = Absohile MAN  ® Manemelsr VAC = Vaoam
AVG L] ATHSQE By ®  Presgure-yStuum [ ]
DRF = Dral S0 = Gisingage = =
Temperaiure
W ® Brmeldic RID = Ressiance Bmp delecke TGK, @ Temocouple hpe R TRAN W Transisior
R ® iefiared TC = Thermocouple TCT = Themocosple hpe T .
RAD = Radalon TCE = ThesmocouplebypsE THRM = Thermistor .
BE = Esdalin pyraser TC) = Thesmocouplelyped  TMP  w Themepls =
Miscallaneous
Bumer, Combusion Fosiion Cuanlity Fadialion
FR = Flamenod CAP  ® Capaciance FE  ® Phoelectic a " Alpha radabon
GN = il EC = Eddycumenl oG = Teggle g ® Bels radistion
R ® lelised IND  ® leductive = ! ® Camma radialion
T = Teevision LAS  ® Laser . n Mt radalion
W = Ulbaviole MAG = Magnelc . .
. MECH ® Wecharical . .
- oPT ® Oplical - [
. RAD  w Rsdar . .
- L] - L]
Speed Viesght. Force
ACC = PAcoserabon T ® Loadcdl O O
EC = Eddy curment 3G = Srsn gauge . .
PRON = Prosimily WE  ® Weighacsle . .
VEL = Valodly - . -
- - - -

The last set of identifiers that an engineer needs to complete a P&ID is the final
control element symbols. These symbols can be found in Table 3.6. They are what the
elements and transmitters control to stay in the programmed range. These can be as
simple as a two way valve (row one) or as complex as a multi-way solenoid valve (row

19).
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Table 3.6 — Final Control Elements[10]

No Symbol Description
s Genefic hvo-way valwe.

1 g ——<}—— |+ Siraighi globe vale.

= Gale valve.
o——a}——
= Genefic wo-way angle valve.

2 ["i':-, s Ange globe vale.
= Salety angle valve.
= Gensfic three-way valee.

3 EE Ff— = Three-way giobe valse.
= Arrow indicabes Tailure of unactuabed Bow path.

A = Genefic lou-way valee.

4 s Four-way lour-pored plug or ball valve.
= Armows indicales falure of unactuabed fiow paths.
= Biilterfly valve.

5 e B —
= Ball valve.

5| —b0t—
= Plug valve

T —{
= Ecceniric rolary disc valve.

B —T{a
= Diaphragm vake.

B &) —

A —
= Pinch valve.

0| ——
= Bellows sealed valve.

11 tﬂj
= Genefic damper.

13 N —— |+ cenerclower.
= Parallel blade damper.

13 —_— E —_— = Parallel blade buver.
=  Opposed blade dampes.

14 —_— E _— s Opposed blade ouver.
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Table 3.6 — Final Control Elements Cont.[10]

o Symbel Deseription

= Two-way on-off solenoid valve.

=  Angle on-ofl solenoid valve.
L] ?

%

L mE&'ﬂ-ﬂ',' on-0f solencid valee.
«  Amow indicates de-snergized fow path.

A = Fourway plug of ball on-off solenoid vale.
18 4[%37 = Arows indicales de-energized flow paths.

= Four-way five-ported on-ofl solenoid vake.
®  Arows indicales de-snergized fow paths.

»  Pemanen] magnel varnable speed coupling.
20 |

= Eleclric molor.

-
h
b
]

- O

C. Module 3 Design Project P&ID:

Design a system for a tank that includes pressure, temperature and level indicators that
are read in the control room. This system should also have a redundant system of
measurements on the tank. Sketch the P&ID on the given worksheet; make sure to choose

the correct symbology.
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V. Module IV- Arc Flash Calculations

A. Student Learning Outcomes:

1. The student with 70% or higher on the project will evaluate and assess
the energy of an arc flash event by utilizing the formulas and tables

herein and answering the question posed.
B. Arc Flash Calculations:

On October 8™, 2015, six employees of the Grant County Public Utility District
were about to end their workdays at the Priest Rapids Dam outside of Richland,
Washington. There was just one problem: Generator P08, one of ten located in the
hydroelectric facility, was not functioning properly. In a hurry to get their duties
finished, the employees decided to cut corners. Ultimately, the circuit breaker controlling
P08 was “manually slow closed while energized with unit PO§ in a stopped position”.
This caused an arc within the breaker, resulting in an explosion. [11]As a result of the
explosion, two workers suffered severe burns and three others suffered lesser injuries.

Arch flash is no different than a lightning strike. Before beginning to calculate
arc flash hazards the engineer first has to understand what an arc flash actually is; “Arc
flash is a dangerous condition associated with the unexpected release of tremendous
amount of energy caused by an electric arc within electrical equipment. This release is in
the form of intense light, heat, sound, and blast of arc products that may consist of

vaporized components of enclosure material — copper, steel, or aluminum. Intense sound
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and pressure waves also emanate from the arc flash, which resembles a confined
explosion.” [12]

There are two primary forms of failure which may result in an arc flash,
breakdowns of insulation and maintenance personnel error. Insulation failure or
breakdown may manifest in a variety of ways. The two foremost examples are surface
tracking and age breakdown or treeing (see Figure 4.1). Maintenance personnel error
such as working on a piece of electrical equipment without de-energizing it, or un-
racking a breaker while the breaker is closed and the lines are hot. It would surprise some
engineers that on average one person is electrocuted at work every day in the United

States.[12, 13]

Figure 4.1 — Electrical Treeing in Polymethyl Methacrylate[14]

Arc burns are only one of the hazards of an arc flash event. Other hazards include:
“electrical shock, molten metal projectiles, blast and pressure waves, intense light,
intense sound, fire, effect of strong magnetic fields and plasma...toxic gases and

vapors.”[12] While a fault is happening, the terminals on the equipment can reach
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temperatures exceeding 35,000 ° F. This literally vaporizes the metal, ionizing the air and
creating the path for the arc. The amount of energy absorbed by the human body while

exposed to non-alternating current is given by the following equation.

Sp = (Ip)? ts

In the equation above S is the energy absorbed by the body [A%s], I is the

magnitude of the current [A], and t, is the time that the body is exposed to the current [s].
“It is recognized that to construct an accurate mathematical model of the arcing
phenomena is rather impractical. This is because of the spasmodic nature of the fault
caused by arc elongation blowout effects, physical flexing of cables and bus bars under
short circuits, possible arc reignition [sic], turbulent flow of plasma, and high temperature
Gradients (the temperature at the core being of the order of 25,000 K, while at the arc
boundary, of the order of 300 — 2000 K).”[12] However, there have been several attempts
to get a close approximation of the arc flash current. First, Ralph Lee’s and NFPA

Equations, next IEEE 1584 Guide Equations, finally using a physics based circuit model.

Ralph Lee’s and NFPA equations are the first to be discussed the first calculation

is the maximum power in a three phase fault, given by the equation below.
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In the above equation P is power [MW] and MV Ay is the bolted fault mega volt ampere,
a characteristic of the transformer. The next calculation that is made is the distance of the

person from the fault without injury, in this case keeping the skin under 80°C.

D, = \/2.65(MVAbf)t

In the above equation D,. is the distance from the arc [ft], and t is the time exposed to the
arc [s]. After this calculation the engineer can calculate the incident energy, see the

equation below for greater than 600 volts.

N GOIGIGION
DZ

In the above equation E is the incident energy [KW], F is bolted fault short - circuit
current [KA], V is the system phase to phase voltage [kV], D is the distance from the arc
[inches], and t, is the time the arc exists. These equations are useful, but they do have
some deficiencies. Notably, the calculations become more conservative the higher the
voltage gets. Thus, the energy calculated may be greater than the actual incident energy.
Another way of calculating arc flash incident energy is the IEEE 1584 Guide Equations.
The IEEE equations are applicable for electrical systems operating anywhere
between 208 volts and 15 kilovolts, three phase, 50 or 60 hertz. The available range of
short circuit current is 700 t0106,000 amps, and conductor gap 13 to152 millimeters. The

Ralph Lee’s and NFPA equations above are for operating voltages under 1000 volts.
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Log(l,) = K 4+ 0.662Log(I,;) + 0.0966V + 0.000526G + 0.5588VLog(I,y)

—0.00304GLog(Iys)

In the above equation I, is the arcing current [kA], K is a constant — 0.153 for open air
arcs, — 0.097 for arc in a box, I,,f is the bolted three - phase fault rms symmetrical current
[kKA], G is the conductor gap [mm] value that can be found in Table 4.1, and V is the

system voltage [kV].[12]

Table 4.1 - Classes of Equipment and Typical Bus Gaps[12]

Classes of Equipment Typical Bus Gaps (mm)
15-kV switchgear 153

5-kV switchgear 104

Low voltage switchgear 32

Low voltage MCCs and panel boards 25

Cable 13

Other Not required

If the voltage of the system is greater than 1000 volts then the following equation is used.

Log(l,) = 0.00402 + 0.983Log (1)

This expression can be used in an open air arc calculation as well as a calculation in a
box. Finally, the engineer can calculate the incident energy with the following equation

based on an arc duration of .2 seconds. Thus one arrives at the following equation:

Log(E,) = K; + K, + 1.081Log(1,) + 0.0011G
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In the above equation E,, is the normalized for distance and time incident energy [J/cm?],
K; is a constant —0.792 for open air and —0.555 for arcs in a box, K, is also a constant 0
for ungrounded and high resistance grounded systems and —0.113 for grounded systems,

1, is the arc current [kKA], and G is the conductor gap [mm]. Converting from normalized

values gives the calculation below:

E = 4.184C;E <t>(610x>
- f=n\0.2/\ Dx

In the equation above E is the incident energy [J/cm?], Cr is a scaling factor 1.0 for
voltages above 1 kV and 1.5 for voltages at or below 1 kV, t is the time of the arc [s], D
is the distance from the arc to the human as seen in Table 4.2, x is the distance exponent

as given in Table 4.3. [12]
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Table 4.2 - Classes of Equipment and Typical Working Distances[12]

Classes of Equipment Typical Working Distance (mm)
15 KV switchgear 910

5 kV switchgear 910

Low voltage switchgear 610

Low voltage MCCs and panel boards 455

Cable 455

Other To be determined in field

Table 4.3 — Factors for Equipment and Voltage Classes[12]

Typical Gap

System Voltage, kV Equipment Type between Conductors Distance x Factor
0.208-1 Open air 1040 2.000
Switchgear 32 1.473
MCC and panels 25 1.641
Cable 13 2.000
>1-5 Open air 102 2.000
Switchgear 13-102 0.973
Cable 13 2.000
>5-15 Open air 13-153 2.000
Switchgear 153 0.973
Cable 13 2.000

The final way to calculate arc flash that will be discussed is a mathematical model
that uses a physics based approach. The circuit that will be used for these calculations is

shown below in Figure 4.2.

Figure 4.2 — Arc Flash circuit Model[15]
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Using Kirchhoff’s laws the equation that the engineer finds is shown below.
Ve = Xsly + Rsly + Vg + Ryl

The V; + R, * I, part of this circuit is the arc voltage V,. The power in the arc is derived
from the basic power equations. Two of these equations need to be added to get the total
power of the arc flash. In the equations below I is the current [amps], P is the power
[Watts], V is the voltage [volts], and R is the resistance [ohms]. [15]

P=VI

P =1I?R
Applying these two equations the total power of the arc flash can be found by solving the
following equation.

P, =1,°Ry + Vi,

To find the energy in this method substitute P, into the IEEE 1584 Guide Equations, this
gives the following equation.[15]

610*
)

E = CiCot(I,°Ry + Val,) (
Where C, = 0.000163G 2 — 0.0246G + 5.835
In the above equations C; is a function of the equipment gap.
In this module the student has read the importance of arc flash calculations, several
ways to calculate the incident energy of an arc flash and now the student will test their

knowledge while completing the following project.
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C. Module 4 Project: Arc Flash

Evaluate the arc flash calculations using one of the models above of 15kV switchgear.
The transformer is 80kVA. The arc exists for 2 seconds and the short circuit current is
1500 A. Choose the resistance of a typical human body for the Ry. The total

impedance of the line is 1.5+j0.3 Q.
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V1. Module V- Area Classification

A. Student Learning Outcomes:

The student with 70% or higher on the project will:

1. Originate a sketch of the classified area by utilizing the charts and
formulas in the API 500 to answer the project question within the
parameters stated.

2. Determine the size of the classified area by calculating the hazard
radius utilizing correct formulas and tables herein to answer the project

question.

3. Determine the class and division of the classified area by utilizing the

correct charts herein to answer the project question.

B. Area Classification Information:

Engineers are often relied upon to calculate the risks involved in a particular
industrial process or worksite. When these risks are miscalculated or ignored, the

potential for a large scale disaster is increased immensely.

Take for example the incident that occurred at the Imperial Sugar refinery in Port
Wentworth, Georgia on. The “Dixie Crystals” facility had been processing granulated
sugar from raw cane sugar since 1917, when it was originally constructed by Savannah
Foods and Industries, Inc. At around 7:15 pm that evening, an explosion occurred in the
processing plant’s conveyor belts. Due to incredibly high levels of sugar dust that had

accumulated in the facility over decades of production, multiple secondary detonations

44



devastated the entire complex. Fourteen people died; eight at the scene and six more
from injuries sustained in the accident. Thirty six others suffered wounds significant

enough to require hospitalization, ranging from burns to crippling injuries. [16]

The ultimate cause of the event was eventually found to have been relatively new
steel enclosure plates that had been installed on some of the plant’s conveyor belts. These
enclosures lacked the necessary ventilation to allow dust to escape from the belts, which
in turn allowed enough particulate matter to accumulate exceeding the minimum
explosible concentration (MEC). After that concentration was achieved, it is believed
that one of the bearings on the conveyors overheated, providing an ignition point for the

initial explosion.[16]

The US Chemical Safety Board’s final report identified that Imperial Sugar
lacked a Corporate Safety Officer. This individual would have been tasked with
identifying the hazards in the plant and had that person followed area classification
standards, it is likely that the risks would have been properly identified and the facility
would have been correctly ventilated, thus avoiding the tragedy. Imperial Sugar was
ultimately fined four million dollars for their failures to properly address safety concerns
at the facility. In addition, at least forty four civil suits were filed against the company by

the injured workers.[16]

Area classifications are important because of this described potential for
catastrophic events. Most areas have two of the three elements needed for combustion.
As an example, the three components needed for an explosion are oxygen, a spark, and

flammable material. Oxygen is (obviously) in almost all facilities, an electrical system
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can definitely provide the spark, and the flammable material is the fiber, dust or vapor
present because of the manufacture or transfer of the product. (See Figure 5.1) Using the
example of a gas pump, there is oxygen present, any fuel nozzle will have flammable
vapors present if it has been used at all, and if a person has a cellular phone, a cigarette,
or too much static electricity, they could provide the spark that would create an explosive

environment.

Figure 5.1 — Explosion Triangle[17]

First, one must understand the different types of areas and the different
classification types. In classifying areas there are three classes and two divisions. The
divisions signify when the area would be dangerous. The classes tell the engineer what
type of hazard. A class one area is an area which may have flammable gasses or vapors
present. This type of area can be found in everyday life such as the example of the

aforementioned gasoline pump.

A class two area may have combustible dust or powder. This type of area can be
found in places like flour mills, grain elevators, firework manufactories, and
pharmaceutical plants. Coal fired power plants are also vulnerable to this classification.

Due to high levels of particulate matter that can cause chain reactions these areas are
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generally recommended to be codified based on the particulate or gasses’ autoignition

flashpoint.

A class three area may have suspended flammable fibers or particles. A common
scenario where this type of area may be found would be in a fabric mill. The division
describes when the hazard may be present. In a division one area the hazard is present
under normal operating conditions. In a division two area the hazard is only present if
there is a malfunction of the system. For example a gasoline pump is a class one division
two zone, meaning there could be flammable vapors present if there is a malfunction. See
Table 5.1.[18]

Table 5.1- Area Classification Table[18]

The table below summarizes the various hazardous (classified) locations.

Summary of Class I, 11, III Hazardous Locations

CLASSES GROUPS | DIVISIONS |
| 1 | 2 |
1 A: Acetylene. Normally explosive and |Not normally present in
Gases, hazardous. an explosive
vapors B: Hydrogen, etc. concentration  (but may
and accidentally exist).
liquids C: Ether, etc.
D: Hydrocarbons, fuels, solvents,
etc.
11 E: Metal dusts {conductive, and [Ignitable gquantities of [Dust not normally
Dusts explosive) * dust normally are or [suspended in an ignitable
may be in suspension, |[concentration (but may
F: Carbon dusts (some are or conductive dust may |accidentally exist). Dust
conductive, and all are be present. layers are present.
explosive) *
G: Flour, starch, grain,
combustible plastic or chemical
dust {explosive).
III Textiles, wood-working, etc. Handled or wused in|Stored or handled in
Fibers {easily ignitable, but not likely to [[manufacturing. storage  (exclusive  of
and be explosive). manufacturing).
flyings.
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There are also some other classification definitions that must be explained before
the process of classification can begin. First, Class | Liquids are usually handled above
flashpoint and can produce a large quantity of vapor. Crude oil is always counted as a
Class I liquid. Class Il Liquids are usually handled below flashpoint and produce very
little vapor. Class I1l Liquids do not produce sufficient amounts of vapors to be
considered for electrical classification. What an engineer wants to know is how large is
the hazard radius. This measurement depends on two factors, release rate and the

volatility of the vapor. [19]

The first step to classifying an area is determining if the area must be classified.
The following question helps determine if the area should be classified. Is flammable
material used, handled, or stored? If the answer to this question is yes then the area must
be classified. The next step to classifying a zone is determining the volatility of the

material being processed using descriptions and charts from API 500.; see Figure 5.2.
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Figure D.1—Vapor Pressure Temperature Volatility Chart

Figure 5.2 — Figure D.1 from API 500[19]

The next step to the classification process is to determine the type of source. The
source could be a pump, an exhaust vent, a relief valve or another piece of equipment.
Once this information is gathered the engineer must then determine the hazard radius
using figures from the API 500 Appendix D. It is shown below in Table D.1 and Figure

D.3- Adequately Ventilated Process Area with heavier-than-air Gas or Vapor Source

Located near or above grade.[19]
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Table D.1—Pumps Handling Heavier-than-air Gases or Vapors Located in Non-enclosed Adequately

Ventilated Process Areas
Pumps ‘ Category 51";'0};':; 1mu5"‘;§ I;;:n Sjs%f{‘);l:: = Pump Flow Rate
i elcel o 2 .o ¢ ¢el.ef ¢
W= woosnies = L3333 853 5 3F 26 seloumm
itialon I L 1F PHEFEE HESEIEISES
1 |15 |25 |2 | 25|50 [100] 25 50 | 100
SenderdPump, 2|10 | 15|25 | 10| 25|50 | 15| 25| 50
3 |a|10|15]5 10|25 15]5|25
Hazard Radius ft
HighTechnologyl 1 | 5 | 10 |15 5 | 10|25 | 10| 10| 25
LowSealEmissions 2| 3 : 5(10(3]5]0|s L1010
Ppl 3 | 3|3 |5[3|3|5[5/[5/|10
Hazard
Radius D, H; D, H; D3 Hs
(fo) (ft) (ft) ft) (ft) (ft) {ft)
T 3 3 0 NA 7 15
5 5 5 0 NA 10 15
10 10 10 0 NA 10 2
15 15 15 0 NA 10 2
25 20 20 5 10 20 2
50 25 25 25 25 25 2
100 25 25 25 25 50 2

Figure 5.3- Figure D.3 from API 500 Adequately Ventilated Process Area with heavier-than-
air Gas or Vapor Source Located near or above grade[19]
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Figure 5.4 — Figure D.3 Accompanied Diagram[19]

The hazard radius shown in Figure D.3 from the API1 500 is given in feet but, that is not
the area to be classified. The engineer has to then look at Figure 5.3 to determine the
classified area. For example, how large is the classified area if the area that an engineer
needed to put a power panel was close to a pump that pumps 125°C hexane at a pressure
of 65 PSIA at a rate 1200gpm? In what class and division should this be classified ? First
the engineer needs to look at Figure 5.2 to determine the class of the chemical. In this
case it is a category Il liquid. Then the engineer would consult table D.1 from the API
500. In this case the flow rate is above 500 gpm. The hazard radius is determined to be
5ft. This is not the final area radius. The engineer then must consult Figures D.3 and 5.3

to find the dimensions of the classified area.

Once an area is classified, the design of electrical equipment in that area either
has to meet the classification standards or in some cases the equipment to be installed can
be moved out of the classified area. An engineer has several options in determining area
classification. There are preset diagrams, (see appendix V), for a lot of the situations that
may be encountered.[19] However, not all situations will be covered. Sometimes the
classified area could be smaller. If the classified area is smaller, it may be possible to
move the electrical components out of the classification area. There are also several
mathematical models for area classification: the McMillian’s Model, Cox’s Modified

Model and The IEC 60079-10-1 model. [20]
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First, the McMillian’s model needs several calculations. The first of these
calculations is the mass flow of the gas. Then one must calculate the distance of the

classified area. Using the equation below calculates the gas mass flow.

0.5

G = 0.0064 * P, [(TK)]

1

In the equation above G is the mass released per unit time [kg/s], A is the cross sectional
area of the nozzle [m?], P, is the upstream pressure [N/mZ2], M is the molar mass of the
gas [kg/kmol], T;is the absolute temperature of release [K]. After the engineer has
calculated G then one must calculate the radius of the classified area using the following

equation.

f G
— 3
X =2.1X10° |

In the equation above the LEL is the lower explosive limit [% vol], X is the distance from
the source of release until the LEL is reached [m], M is the molar mass of the gas
[kg/kmol], and T is the ambient temperature [K]. This model is only valid if the flow of
the escaping gas is greater than the ambient air speed. If the flow of the leaking gas is
lower than the ambient air speed the leaking gas will not build up causing the explosive
atmosphere that is the problem.

Second, the modified Cox’s model is shown in the equation below.
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In the equation above LEL is the lower explosive limit [% vol], C, is the concentration at
the outlet [% vol], d,, is the outlet diameter [m], x is the distance from the source of
release until 20% LEL is reached [m], p, is the ambient density [kg/m3], p, is the gas
density at outlet [kg/m3], k,, is the density adjustment factor, and k. is the pressure
adjustment factor.[20]

Finally, the IEC 60079-10-1 model does not just talk about procedural
area classification, it also illustrates equipment choices, and how that choice affects the
area classification. “In areas where dangerous quantities and concentrations of flammable
gas or vapor may arise, protective measures are to be applied in order to reduce the risk

of explosions” [21] The area classification formula for this model is shown below.

f(DV/Dt)min

V,=fV = C

In the equation above f is the efficiency of the ventilation, Vy is the relationship between

the calculated vaIue(DV/Dt)min and the actual ventilation rate within the volume under

consideration in the vicinity of the release, (°V/;) ) min is the minimum volumetric flow

rate of fresh air [m3/s] and C Is the number of fresh air changes per unit time [s-1].

As shown above, the engineer has several different ways to calculate the hazard
radius of a piece of equipment. The method is the engineer’s choice. If the engineer
cannot move the electrical components out of the classified area, then explosion proof
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components must be specified. These components are designed to contain the explosions

that take place in the case of an incident.

C. Module 5 project: Area Classification

A pump will pump 50°C Pentane at a pressure of 15 PSIA at a rate 400 gpm. How large
is the classified area? What hazardous category is the Pentane? What class and division

should this area be? Sketch the area classification diagram complete with dimensions.
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VII. Conclusion

A. Electrical Engineer Responsibilities

Although some industries will vary, the preceding documents and others are part
of the responsibility of the electrical engineering department. The electrical engineering
department must have a hand in creating the P&ID, and area classification drawing.
These two documents are usually a product of the process engineering department
working with the electrical engineering department. Although, other department’s
documents may be used to create a conduit routing plan, including the conductor and
conduit sizes, the drawing is the sole responsibility of the electrical engineering
department. There should always be care taken when creating and checking these
drawings, because an incorrect drawing makes not only the drafter and engineer look

incompetent but it also reflects poorly on the company that the engineer works for.

B. Final Thoughts

In conclusion, this thesis fills some of the gaps in an engineer’s education. After
completing the design projects, the engineer should replicate the processes in each
module to design systems for clients in the field. Project checkers should also check the
engineer’s calculations more easily after completing the projects. The five topics the
author presented are conductor sizing, conduit running, standard piping and
instrumentation diagram symbology, arc flash energy calculations, and finally area

classification.
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The first of these modules covers the basics of conductor sizing. This module
will discuss the importance of specifying the correct size of conductor, the standard sizes
of conductor, the types of conductor insulation, and finally detail the calculations of

conductor sizing and voltage drop.

The second module includes the basics of designing conduit runs. This module
will also introduce the student to different fittings and seals needed in the running of
conduit. This module will inform the student on the conduit sizing process, including
standard conduit sizes, then detail several types of conduit fittings that are frequently

used in industry.

The third module introduces the standard symbols needed to read and understand
a piping and instrumentation diagram. Reserved letters are the first topic discussed in this
module, then the types of “bubbles” and connection lines, finally the types of end

equipment.

The fourth module discusses arc flash. This module will include several ways to
calculate the energy of an arc flash, as well as the safe working distance for a piece of

electrical equipment.

Finally, the fifth module introduces the topic of area classification, and the
importance of designing with this classification in mind. This module will discuss four
different ways of calculating a hazard radius for equipment both indoors and outdoors.
Due to the changes in technology and changes in The National Electric Code some of
these modules may have to be updated to keep current with evolving standards (around

every four years).
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Appendices
Appendix 1: Project Solutions

Module 1 Design Project Conductor Sizing:
The customer has a system that is composed of a three phase space heater (75A)

and a single phase lighting circuit (50A). If the customer specifications state everything
in the plant must be able to endure temperatures that exceed 150°F. The power panel is
250 feet from the loads, and the single conduit must be run overhead. What type of

conductor would you need to use? How big must the conductor be? What is the voltage

drop over the length of the conductor? Explain your choices.
Solution:

Type of conductor: RHW, THHW, THW, THWN, XHHW, USE, or ZW are all valid

answers. This information is found in Ugly’s Electrical References page 73. The student

should use the operating temperature to find the list above. In this solution the author has

chosen to use XHHW.

Size of conductor: From the same table used above the student will find that the
conductor sizes needed are #4 for the three phase circuit and a #6 for the single phase
circuit. However when the voltage drop is calculated the student should find that the

voltage drop is too large.

Voltage drop: Using the formulas given in this module and the tables referenced in the

module the student must find the area of the conductor chosen.
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Starting with the #4 conductor for the three phase circuit:

1.73 * 12.9 * 250 x 75
vd =

N .0814
.0012

Vd = 5.14%
Next try #1 conductor for the three phase circuit:

_ 1.73 % 12.9 * 250 * 75

vd = 1534
10012

Vd =2.7%

This shows that the actual size of the conductor for the three phase circuit is a #1.

Starting with the #6 conductor for the single phase circuit:

_2*12.9*250*50

.0590
.0012

Vd =7.5%

Next try #2 conductor for the single phase circuit:

B 2%12.9 %250 * 50
- .1146
.0012

Vd =2.8%

This shows that the actual size of the conductor for the single phase circuit is a #2.
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Module 2 Design Project Conduit Design:
Look at the piping drawing provided, what size conduit will be needed if run A

must hold 2 #8 and 3 #1 conductors, run B must hold 6 #12 conductors and run C must
hold 2 # 8 and 3 #10 conductors? All of the conductors must withstand 165°F. On the

drawing plan the best route for the conduit.

Piping Drawing
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Module 3 Design Project P&ID:
Design a system for a tank that includes pressure, temperature and level indicators

that are read in the control room. This system should also have a redundant system of

measurements on the tank. Sketch the P&ID; make sure to choose the correct symbology.

P&ID Project Worksheet:

Solution:
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Module 4 Project: Arc Flash
Evaluate the arc flash calculations using one of the models above of 15kV

switchgear. The transformer is 80kVA. The arc exists for 2 seconds and the short circuit
current is 1500 A. Choose the resistance of a typical human body for the Ry. The total
impedance of the line is 1.5+j0.3.

Solution:
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Module 5 project: Area Classification
A pump will pump 50°C Pentane at a pressure of 15 PSIA at a rate 400 gpm. How

large is the classified area? What hazardous category is the Pentane? What class and
division should this area be? Sketch the area classification diagram complete with
dimensions.

Solution:
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Appendix 2: Power Point Presentations:

Module |

By: Tavce Lassiter, for fulfilling requirements
for the Masters of Engineering program

for the University of Louisville
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This module has been created for
students that wish to know how to size
conductors for the power and control
industry. The following slides will convey
the importance of conductor sizing as
well as the process of conductor sizing.
This module will also cover the concept
of voltage drop. The reason voltage
drop occurs and how to calculate
voltage drop.

Why is correctly sized conductor
important?

Whatis a cmile

What is a gauge?
What are the different types of
conductor?

What is the procedure for sizing
conductorg
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As the video shows when too much
current is run through a conductor the
insulation will burn off and the conductor
will melft.

The video shows a very small wire. Think
about the conductors you have seen
around town, what if one of those
conductors failed in the same way?
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What kind of problems could a
conductor failing cause?

A mil is 0.001 inch

A cmil is the circle that fits in the box.
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Wire Chart:
Stranded wire sizes and ampacity for 75°C copper wire.

. w B oOOOOO

SIZE 14 12 10
DIAMETER 073 082 B B l“
AMPS

170
236 .281 295 335 380
15 20 30 0 65 a5 100 15 130 150

2000000

3/0 4/0 ISOkcﬂll Mkcml. SEchmi mkml
530

230 255 285 310 335

https://www.pinterest.com/pin/4364270:
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1) Gather the following information
Expected environmental temperature
Type of wire needed
Material of the wire
Amps needed for the circuit
Voltage of the circuit
Medium the wire will be installed in
Length of the conductor run
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2) look at the appropriate table in the
NEC

Raceway

Cable

Earth

Open air

3) Find the correct conductor type
See above tables

4) Find the ampacity needed for the
circuit

5) Look to the left column for the correct
size

Are we finished?
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Nope!
6) Do we need to de-rate the wiree

How may wires are going fo be run
togethere

ADJUSTMENT FACTORS
For More Than Three Current-Carrying Conducts
in a Rac

7) Do voltage drop calculations
This calculatfion needs to be under 3%

For single phase circuits:
Vd =
Cm

For three phase circuits:

Now are we finished?2
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Vd is voltage drop a percentage
l'is current in amps
Lis length of the run in feet

Cm is the cross sectional area of the wire
in circular mils

K is the resistance in ohms of 1 circular mil
foot of the conductor. For 167°F K=12.9
for copper and K=21.2 for aluminum.

Yes!

Is the wire bigger than the NEC table
said it had to be?
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The customer wants to power a three
phase heater circuit, they have provided
you with the following information:

The circuit needs 40A, 240 V. The
conductor will be run though conduit,
they prefer copper wire and that you
design for 90°C. The shortest run possible
is 300 feet.

What type of conductor is needed?
How many wires need to be run?

Do we need to de-rate the wire?
What wire size does the NEC say?¢
What is the voltage drop?

What is the final size of the conductor?e
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a) What type of conductor is needed?
Known:

1) conductor will be run though conduit
2) they prefer copper wire

3) design for 90°C.

4) See above charts

| choose THHN-2 Moisture and heat
resistant can be used in wet or dry
conditions

m ALLOWABLE AMPACITIES OF CONDUCTORS:
RACEWAY, CABLE, OR EARTH

FUTL TTTEEER

2
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b) Known:
1)Three phase heater circuit
Therefore we need to run three current
carrying conductors
c) Known:
Only need to de-rate when there are

more than 3 current carrying
conductors in a conduit.

No

ALLOWABLE AMPACITIES OF CONDUCTORS:
RACEWAY, CABLE, OR EARTH

d) Check the tables:
#10
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e) Voltage drop Known:
1) runis 300 feet
2) copper wire
3) current
4) cross sectional area of the wire
5) resistivity K=12.9
6) three phase circuit

T

Vd =
Vd= 1.73(12.9)(300) (40)/Cm

fm

Cm=.0211in2*(1mil2/.001in2)*(1cmil/.7854mil?)
Cm=26865.3cmil

Vd=9.9%

This is too high!

The wire must be made larger!
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Vd=1.73(12.9)(300)(40)/Cm  267804/Cm
Try a #1
Cm=.1562in2*(1mil2/.001in2)*(1cmil/.7854mil?)
Cm=198879.6cmil

Vd=1.3%

This is acceptable but can we use a
smaller wire?2

Vd= 267804/Cm

Try a #3

Cm=.0973inZ*(1mil2/.001in2)*(1cmil/.7854
mil?)

Cm=123885.9cmil

Vd=2.1%

f) Use a #3
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The customer wants to power a single
phase lighting circuit, they have
provided you with the following
information:

The circuit needs 18A, 120 V. The
conductor will be run though conduit in
wet conditions, they prefer aluminum
wire and that you design for 90°C. The
shortest run possible is 275 feet

What type of conductoris needed?
How many wires need to be run2g

Do we need to de-rate the wire?
What wire size does the NEC say?e
What is the voltage drop?

What is the final size of the conductor?
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Module 11

By: Tavce Lassiter, for fulfiling requirements
for the Masters of Engineering program
for the University of Louisville

This module has been created for
students that wish to know how to size
and route conduit for the power and
control industry. The following slides will
convey the importance of conduit sizing
as well as the process of conduit sizing.
This module will also cover the some of
the more common conduit fittings.
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How to size conduit
Conduit fittings
How to design conduit runs

How much can | fill the conduit?
40%
25%

How many conductors must | run through
the conduite

What type of conduit do | need to use?
Is the area classified?
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How large are the wires that need to be
run through the conduit?

How many of these conductors must be
run through the conduit?

The first step of sizing a conduit is to size
the conductor to be run though the
conduit.

For example:

The circuit needs 3 #2 conductors and a #8
ground wire.

First we need to know how large the
conductor areas are
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As see in the previous module the size of
the conductor depends on the type of
conductor used. And the size of the
conductor. In this example we will use
XHHW-2 type wire.

XHHW-2 cross sectional area:
#2 = .1146 square inches
#8 = .0437 square inches
Total area
.1146*(3)+.0437*(1)= .3875 square inches

What size conduit will hold this wire?
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Weights Outside Inside
Metric 10 Units Lengths Diameter (1) Diameter (2)
Designator

Wall Thickness

mm.

Letfs look at a 2 inch conduit:
Inside diameter =.622 inches

Area = 11(d/2)?
Ared = 11(.622/2)?
Area = .304 square inches

This will not fit the wire we need to run
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Lets look at a 2 inch conduit:
Inside diameter = 2.067 inches

Area = 11(d/2)?

Area = 11(2.067/2)2

Area = 3.355 square inches
Lets check the 40% rule:

40%*3.355 = 1.34 square inches this will more
than accommodate our conductors, but is'it
too large?

Lets look at a 1 inch conduit:
Inside diameter =1.049 inches

Area = T11(d/2)?
Area = 11(1.049/2)2
Area = .86 square inches

Lets check the 40% rule:
40%*.86 = 346
Will not work

92



Lets look at a 1 2 inch conduit:
Inside diameter =1.610 inches

Area = 1(d/2)?
Area =T11(1.610/2)2
Area = 2.04 square inches

Lets check the 40% rule:
40%*2.04 = .816 square inches
This will work!

There are many types of conduit fittings
the three main ones that we will talk
about are the conduit seal, the
expansion joint and the left bend “LB”
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The “LB”
This fitting turns the conduit at a 90° angle

Depending on how this fitting is installed it
can also be a “RB" or right bend
alternatively it can be a front or rear bend

This conduit fitting can be very versatile

Conduit seals

These fittings must be installed at every area
classification change, they are also installed
before the conduit breaches the power
panel in classified areas.
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The Expansion Joint:

This fitting is used when the conduit run is
more than 100 feet long without any bends.

It relieves the stress of expansion and

contraction, in the changing seasons,
without damaging the conduit or the
conductor therein.

Eaton’s Patented
Design Expansion Joint

Now that we know how large the
conduit is and how fittings need to be
used. We can run the conduit.

Conduit should be run the in the
straightest route possible, there cannot
be more than 180° of turn in an
underground conduit run.
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Module I11

By: Tavce Lassifer, for fulfilling requirements
for the Masters of Engineering program
for the University of Louisville

This module has been created for
students that wish to know about piping
and instrumentation diagrams for the
power and control industry. The following
slides will convey the process of reading
a piping and instrumentation diagram as
well as how to choose the correct
symbols for a diagram.
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Whatis a P&ID?2
Reserved letters
Instfrument symbology
What does this look like?

A drawing that shows the connections
for piping, tanks and instruments

These drawings have no scale and they
do not have to be physically accurate
A pipe may be drawn straight from a tank to

another tank, but in reality it snakes around
several pieces of equipment
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These drawings are one of the
engineering control drawings, this is
where you would look for information
about flow through a pipe, sizes of pipes
and valves, and what instrumentation is
located on these pipes and tanks

To make it easier for a lot of engineers to
read and design these drawings there is
a standard that dictates what tags
mean

No matter who makes the P&ID these
letters represent the same thing!
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If there is a “LG”
anywhere on any
P&ID then you know
that what is
represented by that
bubble is a level
gauge!

There are several
types of “bubbles”
that can appear on
a P&ID

The different shapes
and lines show the
location of the
insfrument

M| @3O3 |y
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There are also
particular ways of
connecting
instrument bubbles
together

Every type of
connection has a
line type that
represents it, that
way you know if the
connection is a gas
filled line or an
electrical
connection
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There are also
acronyms that
represent different
types of measuring
devices

These symbols
represent different
types of final control
devices

These are also
connected to the
bubbles by the lines
discussed earlier

T

101




Identify all the bubbles
and equipment

Module IV

By: Tayce Lassiter, for fulfilling requirements
for ihe Masters of Engineering program

for the University of Louisville
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This module has been created for
students that wish to know how to
calculate arc flash energy for the power
and control industry. The following slides
will convey the importance of arc flash
calculations as well as the process of
calculating arc flash energy. This module
will show the student several different
ways to calculate arc flash energy.

Definition of an arc flash
Causes of an Arc flash
Aftermath of an arc flash
Calculating incident energy
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An unsafe environment where there is an
unplanned path for current to travel

When current uses the moisture in the air
and/or a person’s body to create a path
to ground

The following can be symptoms of an
arc flash event

Intense light

Heat

Nell]gle

Vaporized metal shrapnel
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Two main causes:
1. Treeing or wearing of the insulation around
a conductor

2. Maintenance personnel error
This is the most commmon cause for arc flash

Burns are the most
common injury
faced by the victims
of arc flash.
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Equipment damage
is also a problem
after an arc flash
event

3 different ways to calculate
Ralph Lee’s and NFPA Equations
IEEE 1584 Guide Equations
Using a physics based circuit model
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Step 1 - Calculate
maximum power in a
3 O fault

Step 2 — Calculate
shortest safe working
distance

Step 3 - Calculate
incident energy

Evaluate the arc flash energy15kV
switchgear. The transformer is 45MVA;.
The arc exists for 4 seconds and incent
current is 8700 A. The worker is working
9210 mm away from the component.

P= 45(0.707)2 = 22.5 MW
D.=(2.65(45)(4))1/2 = 21.84 ft
E=((793)(8.7)(15)(4))/(3.6) = 114,985 kW
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Calculate the
incident
current

Calculate the
normalized
energy

Calculate the
incident
energy

Classes of Equipment Typical Bus Gaps (i) | syem voluge, &v Equipment Type

15KV swilchgear 153 Swchgese
SKV switchgear Me

Low voltage switchgear

Low voltage MCCs and panel boards

Cable 3

Other Not required

Classes of Equipment Typical Working Distance (mm)

15 kV swilchgear 910
5 kV switchgear 910
Low voltage switchgear 610
Low voltage MCCs and panel boards 455
Cable 455
Other To be determined in field
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Evaluate the arc flash energy15kV switchgear.
The transformer is 45SMVA.;. The arc exists for 4
seconds and incent current is 8700 A. The
worker is working 910 mm away from the
component.

|, = 100:00402+0.983(009(8.7) = 8 46 kA
EN = ‘|OW .081(log(8.46))-0.113-0.555+0.0011(153)
=3.18 J/cm?2
E = 4.184(1.5)(3.18)(4/.2) (610973/91073)
=73.6 J/cm?

This is very similar to
the |EEE 1584 process
The voltage of the
arc must be
calculated

The power of the arc
must be calculated
Finally the incident
energy can be
calculated
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Evaluate the arc flash energy15kV
switchgear. The transformer is 4SMVA;.
The arc exists for 4 seconds and incent
current is 8700 A. The worker is working
210 mm away from the component.
Total impedance of the system is 20+7j

V, = 15-8.7(20+7])-(100,000)(8.7)
= - 870159-60.9j kV

P, = 8.72(100,000)+ (- 870159-60.9j)(8.7)
= 4.6X106-529.83] kW

C. = 0.000163(910)2 - 0.0246(910) + 5.835
=118.43

E = (1.5)(118.43)(4)(6.6X106-529.83]) (610-73/91073)
= 4.76X10° -359.017] = 4.76X109<-.000004° W
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Module V

By: Tavce Lassiter, for fulfiling requirements
for the Masters of Engineering program
for the University of Louisville

This module has been created for
students that wish to know how to
calculate arc flash energy for the power
and conftrol industry. The following slides
will convey the importance of arc flash
calculations as well as the process of
calculating arc flash energy. This module
will show the student several different
ways to calculate arc flash energy.
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Definition of an arc flash
Causes of an Arc flash
Aftermath of an arc flash
Calculating incident energy

An unsafe environment where there is an
unplanned path for current to travel

When current uses the moisture in the air
and/or a person’s body to create a path
to ground
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The following can be symptoms of an
arc flash event

Intense light

Heat

Nel¥]gle
Vaporized metal shrapnel

Two main causes:

1. Treeing or wearing of the insulation around
a conductor

2. Maintenance personnel error
This is the most common cause for arc flash
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Equipment damage
is also a problem
after an arc flash
event

114

Burns are the most
common injury
faced by the victims
of arc flash.




3 different ways to calculate
Ralph Lee's and NFPA Equations
IEEE 1584 Guide Equations
Using a physics based circuit model

Step 1 - Calculate
maximum power in a
3 O fault

Step 2 — Calculate
shortest safe working
distance

Step 3 - Calculate
incident energy
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Evaluate the arc flash energy15kV
switchgear. The transformer is 4SMVA;.
The arc exists for 4 seconds and incent
current is 8700 A. The worker is working
210 mm away from the component.

P= 45(0.707)2 = 22.5 MW
D.=(2.65(45)(4))1/2 = 21.84 ft
E=((793)(8.7)(15)(4))/(3.6) = 114,985 kW

Calculate the
incident
current

Calculate the
normalized
energy

Calculate the
incident
energy
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Classes of Equipment Typical Bus Gaps (mm)

Low soltage MCCs and pancl baards

Cable
Other

153
104
ear 3
13

Nat required

Classes of Equipment

Typical Working Distance (mm)

15 kV switchgear
KV switchgear
Low voltage switchgear
oltage MCCs and panel boards

910
910
610
455
455
To be determined in field

Evaluate the arc flash energy15kV switchgear.
The transformer is 45MVA;. The arc exists for 4
seconds and incent current is 8700 A. The
worker is working 910 mm away from the

component.

|, = 10000402¢0983(10g(8.7) = 8.46 kA
Ey, = 101.081(log(8.4¢])-:0.113-0.555+0.0011(153)

=3.18 J/cm?

E = 4.184(1.5)(3.18)(4/.2) (610973/910973)

=73.6 J/cm?
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This is very similar to
the IEEE 1584 process

The voltage of the
arc must be
calculated

The power of the arc
must be calculated
Finally the incident
energy can be
calculated

Evaluate the arc flash energy15kV
switchgear. The transformer is 45MVA;.
The arc exists for 4 seconds and incent
current is 8700 A. The worker is working
9210 mm away from the component.
Total impedance of the system is 20+7]

V, = 15-8.7(20+7])-(100,000) (8.7)
= 870159-60.9j kV
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P, =8.72(100,000)+ (- 870159-60.9j)(8.7)
= 6.6X106-529.83) kW

C.=0.000163(910)? - 0.0246(910) + 5.835
=118.43

E = (1.5)(118.43)(4) (6.6X106-529.83j) (61073/91073)
= 4.76X10° -359.017j = 4.76X109<-.000004° W

The proper electrical
equipment protection
fechniques can be
selected

Explosion proof

Intrinsically safe

Pressurized enclosures
Some equipment
might be moved to a
less hazardous
location

Classifying Hazardous Locations Christopher Coache
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A simple process
change or providing
adequate ventilation
might lower or even
remove the
classification.

Proper classification
provides not only a
safety benefit but an
economic one.

1. Use the API 500 to look up a figure for
classification purposes.

2. Use the API 500 Appendix D to
determine the classification radius.

3. Mathematical Models:
McMillian's Model
Cox’s Modified Model
The IEC 60079-10-1 Model
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API 500 Figures

s
R

Belaw grade locatian
such s sump of rench

(5] ovion owion

Lavel Distane in meters feed)
L B o

1. Liquss 1900 kP8 (275 PSIG) of 1683 3101 e

2. Liquid sbove 1500 kPa (275 PSIG) 3(10) 16 082}

T 6 (20) 3(10) 08(2)

HOTE  Shown for piging installed abiove grade. Also applies (o buried piping with abiove
grade vela, BuCh Bs Molor 0perate: valvs Body bned and the motar parator
above grade.

Figure 96—Outdoars—Piping With Valves, Screwed Fittings, Flanges or Similar Accessories Handiing
Flammable Liquids or Highly Volatile Liquids. ) and
Instrumaent-sized Pumps (See 14.3.2)
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Adequately ventilated

turbine enclosure
Turbine
enclosure
airinlet

Turbine enclosure
outlat vent

Division 1 Division 2

NOTE 1 Turbine enciosure classification as shown applies when urbing fusl gas pressure
exceads B61.8 kPa (125 psi) and endlosure is adequately ventilated. See Section 8.2.5 for
addilional requirements

NOTE 2 Turbine enclosure is unclassified when adequately ventilated and trbine fuel gas
pressura is 861.8 kPa (125 psi) or less. See Section 8.2.5 for additional requirements.

Figure 54b—Turbine Driven C or pump in an A Nonenclosed Area
(see 10.9.4 and 8.2.5)

Im0R)—,

3m(10n)

Non-vapertight wall
orna wat
atths begnt

R R
e

NOTE  Th interie cf he roaf vant 1 classified Dwision 1
Cross hakhing has boen onviled for drawing

Area (See 109.3)

Figure  in an
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Room

Building
ot [Tz ot o2

Figure.

Araa (Section 6.4.2)

Space e e

Source.

Sourcs roa dassid oo
N o sourc
-Area classified due - mdnu:nuluinl

to source outside.
enciased ared

Enclosed
area /

7\

K
:‘g(um-mu\mqm- N \ Non-vapertight
% barrers \\\\T‘m \

R
\n
B onisont [ o2

E] pison 1 DMst
Figure 5—Enclosed Area Adjacenttoa Classified

Figure 4—Enclosed Area Adjacent o a Classified
Area(Section 64.3) Area (Soction 6.4.3)
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Tk within ke ———- | Tank with remole impounding
3miom

3m(108): '5m(5ﬁ]/l%
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Orainage path
Impounding area —

piping s Divisi

3m (10 R—a | Sfe—am 108 Note 3)

06m 2

grade
such a5 sump or tranch.

Drainage path 1o romota

ing
Figure 6~ Fixed Roof Flammable Liquid Storage Tank in a Nonenclosed Adequately
ventilated area (see 8.2.1.2)
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0.5m (18in.) Radius
around

NOTE The interior of the vent piping is Division 1. Cross hatching
has been omitted for drawing clarity.

Figure 8—Combustible Liquid Storage Tank in a Nonenclosed Adequately Ventilated Area (See 8.2.1.4)

ssmas
Ay

i5miGH
Rada

Seiow grade location
ke e e o tranch ——

Figure 9—Tank Car or Tank Truck Loading and Unloading Via Closed System. Product Transter Through
Dome Only (See 8.2.2.1)
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Vapor retum fine Liquid transter line

1. m (3 M)
R

Material: Flammable liquid: for combustible liquid, see 8.2.2.6.

Figure 10—Tank Car or Tank Truck Loading and Unloading via Closed System. Product Transfer Through
Dome Only (See 8.2.2.2)

Mt P W, o Comvible Scusd, wo 8226

Figure 12—Tank Car or Tank Truck Loading and Unioading via Open Syatem. Product Transfer Through Top
o< Bottom (See 8.2.2.4)
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Dimension

5.m (50 ) landing afm —elm— 15 m
ooy

7 5m (25 0 7.5mizsm

Opan suamp in dock

faf arairing ines
and o

18 m (50 1)
TamEsn

[osmam

NOTE 1 The af the outboard
(e ) e s cvsiloen B “source of rakeass.

NOTEZ  The berih arsa acjacent 1o lanker ar barge cargo tanks (% & b Division 210 the following xdent
. 78 matars (25 feat) horizontally in all Sreclion on e pier site fom that porion of the null

B From ihe watce 1oyl 10 7.5 matars (25 fest) above the cangs tanks ot i highaat pasilion

NEITE 8 Adifiont ocabne misy hareo 1o ba ciassidied as racuired by ihe prosence of ahe sources of
ar e e, o e Conet authortes

Favang rindiion

Figure 19—Marine Torminal Handling Flammable Liquids (See 8.

0.5m (18 in.)

1 m (3 ft)

Vent lina

EZ55] oiviaion 1 Givision 2

NOTI The interior of the vent pipin
Division 1. Cross hatching has bean
omitted for drawing clarity.

g is

Figure 15—Instrument or Control Device Vent
in a Noenenclosed Adequately Ventilated Area
(See 8.2.3.2)
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Below grade
sump o trench

NOTE _For vents, see Divsion 1 Division 2

Section 8232
Figure 55—Flammable G ated Ventilated Enclosed Area With All

P inan
Devices Vented to the Outside (See 10.11.22)

X 50555505

Gas operated <X
control devices 5
ORI

Figure 56—Flammable Gas Operated

Enclosed Area

inan
(See 10.11.2.3)
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APl 500 Calculations

5 Categories:
Category G
Category 1
Category 2
Category 3
Category 4

129



Flammable fluids processed as gasses or
vapors

Almost immediate flash to vapor

Vapor pressure above 70 psia

Examples:
Liquid propane
Hot kerosene
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These chemicals will have a pressure of
70 psia or to 14.7 psia while being
processed
A leak will vaporize approximately 1/6 of
the material immediately and the
resulting pool evaporates eventually
Examples:

Pentane

Isopropyl alcohol above room temperature

Processed at temperatures to produce
less than 14.7 psia

A leak will flash very little vapor and the
resulting pool has a moderate
evaporation rate

Example:
Kerosene at 150°F
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Materials processed below their flash
point

Materials do not create a flammable
fuel-air mixture when released

Examples:
Kerosene
Lubrication oil
Asphalt
Diesel fuel

100

Category 1/,
I

A LA
IBNARY|
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After determining the volatility category
of the material look at the appropriate
chart for your source in the API 500
Appendix D

Charts in API 500 will tell you a number (in
feet).

This is not the entire hazard radius!

After finding the hazard radius number
consult Figure D.3 for the clearance
measurements required for that source.
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A pump that will move 550 gpm of hexane
with a pressure of 150 PSIA at a
Temperature of 175°C. This facility is
located at sea level. This pump will be
newer so it has low seal emissions. How
large is the classified area?
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Table D.1—Pumps Handling Heavier-than-air Gases or Vapors Located in Non-enclosed Adequately
Ventilated Process Areas

Low Flow Medium Flow High Flow
Pumps Category <i0gpm  100to50gpm  >500 gom « Pump Flow Rate

Medium

Low = <100 psig
Medium = 100 to 500 psig
High >500 psig

€— Seal Chamber
Pressure

® Pressure
High
Pressure
Low

= Pressure

y | Medium

& Pressure

= | High

S | Pressure

ro | Low

N | Pressure
Medium
Pressure
High
Pressure

Low
" | Pressure

@
3

3
N
&5
o
o
k)

Standard Pump

RI® &
o
b

=)
a3

High Technology
Low Seal Emissions
Pump

o
o

o

="
D,*0D,+Dy

Source above elevaied pistom

Figure D.3- Adequately
Ventilated Process Area with
heavier-than-air Gas or Vapor
Source Located near or ETETTr
above grade
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Mathematical Models

Calculate the Gas
Mass Flow

Calculate the Hazard
Radius

M is the molar mass of
the gas

Tis the temperature of
the gas

P, is the upstream
pressure of the gas
LEL is the lower
explosive level
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LEL is the lower explosive
limit

C, is the concentration at
the outlet

d, is the outlet diameter

x is the distance from the
source of release until 20%
LEL is reached

Py is the ambient density

P, is the gas density at
outlet

Ky is the density
oﬁjustmen‘r factor, and

k.. is the pressure
déﬁ’usfmenf factor

fis the efficiency of the
ventilation

Vis the relationship
between the calculated
value and the actual
ventilation rate within
the volume under
consideration in the
vicinity of the release
(Dy/Di) min is the minimum
volumetric flow rate of
fresh air [m?3/s]

C is the number of fresh
air changes per unit time

[s-1]




A pump that will pump 148°C Heptane at a
pressure of 5 N/m2in a 1m pipe orifice.
How large is the classified area?

Using Mcmillian’s model
Py =5 N/M?2
T=148°C
Molar mass of Heptane = 100.21 kg/kmol
LEL of Heptane = 1.05 %/vol
A=Tmr2=1(.5)=.78
G =0.006(.78)(5)(100.21/148)05
= 0.019kg/s
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X = 2.1X103(0.019/(1.05 2(100.21)1-5(148)0:5)1/2

X=25m

A pump that will pump 75°C butane
(LEL:1.8 molar mass: 58.12kg/kmol) at a
pressure of 125 N/m?2 (0.0181297 PSIA)at
arate 1200gpm. The diameter of the
pipe is 2m. How large is the classified
area¢ What class and division should this
be classified?
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