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ABSTRACT

The typical efficiency of a compressed air system ranges from 5% to 20%, making
it one of the most expensive utilities in industrial plants, hence its name, “the fourth
utility”. It is certain that compressed air is an inefficient way to power any industrial
machine; however with the large number of compressed air tools being used in factories
or manufacturing facilities, it is uneconomical and impractical to replace all of the
industrial tools with electric powered ones. In spite of its inefficiency, compressed air has
many advantages that make it attractive and essential for industries. Some of the
advantages of compressed air are that it can be easily stored and transported, tools are
lightweight, cheap, and maintenance-free, and compressed air works well with different
air temperatures, pressures and flow speeds. Finally, compressed air tools are spark-free,
and high-torque.

Because the compressed air system is the largest consumer of electricity in
industry, it is important to optimize the compressed air system and all of its components,
to make sure that the system runs as energy efficient as possible. Moreover, a careful
calculation of how each of the components works together as a single system is necessary
to determine the system’s performance, unnoticeable problems, and suitable energy
improvements.

The main objective of this research is to model and calculate the compressed air
system performance that includes determining the temperatures, pressures, flow rates, and

leakages at each point in the system. Of special importance, the compressed air system



model using MATLAB will output the work and heat transfer rates mainly for the air
compressor and the cooling system. The model is meant to be able to calculate several
different unknown variables that are related to each of the components, depending on what
values are known. Once the model and program are developed, they can be used to perform
design and analysis for several different single compressed air systems. This design and
analysis effort will allow an engineer to determine the energy consumption of components
and output parameters, and to investigate possible changes to improve the system

efficiencies.
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

Background
A brief explanation of the compressed air system and its components are explained
in the following paragraphs. Additionally, the energy efficiency measures of the system,

as well as the system controls are discussed at the end of this chapter.

Introduction to Compressed Air

Compressed air is a form of stored potential energy that is used in most
manufacturing and non-manufacturing industries. As the air compressor consumes
electricity to compress air, about 91% of energy input will end up as losses, with most of
this lost energy ending up as waste heat, which approximately accounts for 80% of the
input energy as shown in Figure 1. With a generally low efficiency, compressed air is
often used when it is dangerous or impractical to use electrical energy to directly supply
power to tools and machineries. In addition, compressed air tools have the advantages of
being lightweight, cheap, maintenance-free, and high-torque. There are many ways to
improve the compressed air system efficiency, such as fixing of air leaks, lowering air
pressure, adding more air storage capacity, as well as installing better compressors, dryers,

and filters



100% of |
Energy Input

— Heat of Compression and
Compressor Losses (~80%)

1 Air Dryers (~3%)

: 1 Filters and Leakage (~6%)

L 1 Pneumatic to Mechanical Conversion (~2%)
1

|--- Useful Energy Output (~9%)

Figure 1. Compressed Air Energy Input and Useful Energy Output

Usage of Compressed Air

The industrial and commercial application of compressed air is very diverse, and
it is considered as the “fourth utility” at many industrial facilities. To improve and
maintain peak compressed air system performance, both the supply and demand sides need
to be evaluated carefully. A compressed air system that works efficiently will not only
save electricity, but also decrease downtime, increase productivity, reduce maintenance,
and improve product quality [1].

In industries, compressed air uses generally include powering pneumatic tools,
packaging and automation equipment, and conveyors [2]. Some advantages that
pneumatic tools have over electric motor-driven tools are, as mentioned earlier, smaller
size, higher maneuverability, smoother power delivery, and higher durability on
overloading. Compressed air powered tools are also safer as they produce less heat and no

sparks. As listed in Table 1, there are many areas where compressed air system can be



applied in manufacturing industrial sectors. Moreover, compressed air system is also a

vital part in many non-manufacturing sectors; some examples are listed in Table 2.

Table 1. Industrial Sector Uses of Compressed Air [1]

Industry Example Compressed Air Uses

Apparel Conveying, clamping, tool powering, controls and actuators,
automated equipment

Automotive Tool powering, stamping, control and actuators, forming,
conveying

Chemicals Conveying, controls and actuators

Food Dehydration, bottling, controls and actuators, conveying, spraying
coatings, cleaning, vacuum packing

Furniture Air piston powering, tool powering, clamping, spraying, controls
and actuators

General Clamping, stamping, tool powering and cleaning, control and

Manufacturing

actuators

Lumber and Sawing, hoisting, clamping, pressure treatment, controls and
Wood actuators

Metals Assembly station powering, tool powering, controls and actuators,
Fabrication injection molding, spraying

Petroleum Process gas compressing, controls and actuators

Primary Metals

Vacuum melting, controls and actuators, hoisting

Pulp and Paper

Conveying, controls and actuators

Rubber, and
Plastics

Tool powering, clamping, controls and actuators, forming, mold
press powering, injection molding

Stone, Clay, and
Glass

Conveying, blending, mixing, controls and actuators, glass
blowing and molding, cooling

Textiles

Agitating liquids, clamping, conveying, automated equipment,
controls and actuators, loom jet weaving, spinning, texturizing

3




Table 2.

Non-Manufacturing Sector Use of Compressed Air [1]

Sector Example Compressed Air Uses

Agriculture Farm equipment, materials handling, spraying of crops, dairy
machines

Mining Pneumatic tools, hoists, pumps, controls and actuators

Power Generation

Starting gas turbines, automatic control, emissions controls

Recreation

Amusement parks - air brakes

Golf courses - seeding, fertilizing, sprinkler systems

Hotels - elevators, sewage disposal

Ski resorts - snow making

Theaters - projector cleaning

Underwater exploration - air tanks

Service Industries

Pneumatic tools, hoists, air brake systems, garment pressing
machines, hospital respiration systems, climate control

Transportation

Pneumatic tools, hoists, air brake systems

Wastewater
Treatment

Vacuum filters, conveying

Introduction to Industrial Compressed Air System

Compressed air systems consist of a number of different components that can be

classified into the supply and demand sides. The supply side includes the air filters, air

compressors, aftercooler, receivers, and dryers. Air filters and air dryers are used to

remove condensed moisture and contaminants from the compressed air system. To

improve the system

efficiency, the compressed air storage will be very useful. The
4



accumulated condensed moisture can also be discharged through drains. Then, the demand
side includes piping system and distribution, secondary storage and end use equipment.
Distribution piping systems transport compressed air from the air compressor to the point

of end use.

Components of an Industrial Compressed Air System

A compressor is a machine that is used to increase the pressure of a gas. In this
research work the compressed air system that will be discussed consist of a two-stage air
compressor, an aftercooler, a receiver or storage tank, a dryer, as well as the piping, and
regulator. A simple diagram showing how each of the component is going to be connected

is shown in Figure 2 below.

| Two-Stage Air Compressor |
Coolant in \ Coolant in

= >
1% Stage Intercooler 2 Stage Aftercooler
=) —)
Coolant out Coolant out \l
Valve Drainage
< [X] Piping pru

-> Receiver or - lXJ = - n =) | Tools
Storage Tank Dryer A,
Regulator
Leakage U

Drainage

Drainage

Figure 2. Compressed Air System Diagram



A compressed air system analysis can determine the ideal output of the system.
The energy consumption of the air compressor can be calculated to determine the cost of
operating the system. Then, the pressure drops caused by piping, valves, and other
obstructions and friction within the distribution system, can be measured as well. With a
component and system analysis based on mathematical models, the components that can

be improved to increase the efficiency and save operational cost can be identified.

Air Inlet Filters

An air inlet filter protects the compressed air system from atmospheric dirt,
microorganisms, and other contaminants. They need to be replaced periodically to keep
the system working efficiently. Finer or thicker filters would give a cleaner air, however
it will increase the inlet filter pressure differential, which may reduce the air compressor

output capacity and efficiency.

Air Compressors

An air compressor converts electrical energy into potential energy stored in
pressurized air. Most air compressor designs are available in either single-stage or multi-
stage designs. The main advantage of utilizing a multi-stage air compressor over a single
stage air compressor is that as the air temperature increases during compression, multi-
stage compression allows the air to cool down between each stages, which saves the
process work. Typical air compression process is isentropic, which means that no heat is

being transferred into and out from the process. However, in a multi-stage compression,



the partially compressed air will be cooled down after each stages. This cooling process
between the stages is called intercooling, and it happens in a heat exchanger called the
intercooler. The intercooling brings the compression process to isothermal process, which
IS a constant temperature condition relative to the initial temperature of the air. After
intercooling the air, it will be further compressed in the next stage.

In this research work, the air compressor that will be discussed is a two-stage air
compressor. A two-stage air compressor is a multi-stage air compressor with two

compression stages and an intercooler in between.

Compressed Air Coolers

Approximately 80 percent of the electrical energy that a compressed air system
consumes is converted into waste heat. As a result, industrial air compressors need a
cooling mechanism to remove the heat from the system. The cooling unit is essentially a
heat exchanger, where the coolant will receive the heat transferred out from the
compressed air, and thus cools the compressed air temperature down. In general, the type
of coolant that is being used is either air or water. The two type of cooling unit in a

compressed air system are the intercooler, and the aftercooler.

Intercoolers
Most multi-stage compressors use intercoolers that remove the heat of
compression between the stages of compression. Intercooler may affect the system

efficiency as pressure dropping may occur within the intercooler. Furthermore, it is



important to keep the flowing fluid from being cooled down past its dew point

temperature, as doing so would result in condensation that may damage the compressor.

Aftercoolers

Aftercoolers are installed after the final stage of compression. Different from
intercooler, the condensation that occurs as the air temperature reduces can be separated
and drained out from the system. Therefore, with proper water separator and drainage

system, the condensation will not damage the system.

Compressed Air Separators, Traps, and Drains

In the compressed air system, separator is an important device that separates the
condensed moisture from the flowing air or gas. A separator normally is placed after the
aftercooler. Next, a trap or drain will collect the separated water and remove the water
from the compressed air system. A drain can be installed at many components of the

compressed air system, such as the separators, filters, dryers and receivers.

Compressed Air Receivers and Storages

The purpose of a compressed air receiver is to provide store the compressed air
and control system pressure by controlling the rate of pressure change in a system [1]. A
compressed air receiver may also help cooling the compressed air, collecting the

condensed moisture, as well as dampening the pressure pulsations.



Compressed Air Dryers

Typically, the compressed air that leaves an aftercooler is saturated, and normally
warmer than the ambient air. Cooling this saturated air further, which could happen along
the distribution piping, may cause further condensation of moisture. At this point, any
condensed moisture that is formed may corrode the piping system, and water
contamination at point of end use. To prevent this problem, a compressed air dryer must
be properly integrated to the compressed air system. Different types of compressed air
dryers have different operating characteristics [1]. The dryer’s rated capacity is also
dependent of the gas inlet temperature and pressure. Fox example, as the gas inlet
temperature increases or the gas inlet pressure decreases, the dryer’s rated capacity
decreases. Furthermore, it is important to notice that compressed air dryer may cause
pressure drops, and affect the system efficiency. One of the primary purposes of the
compressed air dryer is to reduce the dew point temperature of the air so that when the
compressed air is reduced to atmospheric pressure and a lower temperature, condensation

or frosting will not occur.

Pressure / Flow Controllers and Regulators
The flow regulators are normally located at the output of the compressed air
system. They control the discharged compressed air so that it would have the desired

pressure and flow rate to operate the compressed air tools and equipment.



Filter Regulator Lubricator Devices

A lubricator is normally installed near the point of end use to lubricate the
compressed air tools and other equipment. The lubricator may be combined with a filter
and a pressure regulator to make up what is commonly called a FRL (filter-regulator-

lubricator) devices [2].

Fittings

Fittings and couplings for air hoses need to be durable and airtight. A badly
installed coupling may cause major pressure drops. To minimize the pressure difference,
the hoses and connectors can be upsized. Figure 3 gives an indication of the approximate

pressure drop for selected fittings in terms of equivalent length of straight pipe.

Friction Loss Equivalent Length - feet of Straight Pipe (ft)

Fitting Nominal Pipe Size (inches)
1.50

050 075 1.00 200 300 400 6.00
90" Elbow 1.5 2 25 4 57 19 12 18
45" Ebow 08 1. 1.4 2.1 2.6 4 5] 8
Gate valve 0.3 04 0.6 | 1.5 3 45 6.5
Tee Flow — ] 14 17 27 43 62 83 125
Run
Tee Flow - - 5 b 8 12 16 22 327
Branch
Male ] 15 2 35 45 45 9 14
/Female
Adapter

Figure 3. Friction Loss Equivalent Lengths [2]
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Compressed Air Piping and Distribution System

The air distribution system links different components of the compressed air
system from the inlet to the point of end use. The system often consist of a network of
piping lines, valves, drainages, and air hoses. Each piping, valves, drains, and air hoses
contributes to the pressure drops of the compressed air flowing within the distribution
system. As the pressure drop has to be kept minimum to increase the compressed air
system efficiency, the network should also be kept as short as possible. Additionally,
condensation may occur within the pipe as the outside temperature is usually lower than
the temperature inside the pipes; therefore an air dryer is required to keep the pipes and

valves dry to prevent corrosion.

Energy Efficiency Measures of Industrial Compressed Air System
This section describes some measures to determine potential factors that could
reduce the compressed air system efficiency, and to improve the energy efficiency of

compressed air systems.

Compressed Air System Pressure Drop

As the compressed air travels through the compressed air distribution system, any
type of obstruction and roughness may cause the pressure of the air flow drops. Some
items or components within the compressed air system that may cause pressure drops
includes:

e Supply side: air filters, aftercoolers, moisture separators, air dryers, and filters.
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e Demand side: air hoses, connections, filters, regulators, and lubricators (FRLS).
A well designed compressed air system should have a pressure drop less that ten
percent of the air compressor’s discharge pressure, which is measured from the receiver

or storage tank output to the point of end use [1].

Compressed Air System Leakage

Air leakage can be a major cause to decreasing compressed air system efficiencies.
Leaks may occur at any point of the compressed air system, however, the joints and
connections are the locations where leaks are most likely to occur. Stopping leaks can be
as simple as tightening a connection or as complicated as replacing defective equipment,

such as fittings, pipe sections, joints, and drains [1].
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CHAPTER I

PROBLEM DESCRIPTION

In CHAPTER Il through CHAPTER X, various assumptions, variables, and
unknown elements of each components that comprises the complete compressed air
system will be defined, different mathematical models will be derived, and the solution
processes for design and/or analysis variables will be posed. Explanations on how each of
the calculated components works together will also be given.

For the simple compressed air system with a two-stage air compressor system, the
temperatures, pressures, and flow rates of the moist air at each points or components are
important variables for determining whether the system is working properly, with regards
to the system efficiency, or if the components have been sized and designed optimally.

The scope of this work is to develop, formulate, and derive mathematical models
of moist air and components of the compressed air system. Depending on the known and
input variables, the model can be used for both analysis and design of a compressed air
system, and each of its components. For example, if the compressor’s flow rate and outlet
pressure are known, then the model will be able to analyze the pressure drop reaching the
tools through a given pipe length and diameter. Conversely, in a different case if the
desired pressure drop is known, the model will be able to design and calculate the
appropriate pipe diameter.

Additionally, the model will also be able to determine the required outlet pressure

to power compressed air tools and equipment. With the calculated outlet pressure, the air

13



compressor input power can be adjusted so that it would supply the correct amount of
pressurized air, and prevent it from overworking, thus increasing and optimizing the
compressed air system efficiency.

The MATLAB codes is described, and included in the Appendix pages of this
thesis, where the APPENDIX A will cover the explanations of the functions that are used
to handle the commonly used formulas applicable to the whole compressed air system

analysis.
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CHAPTER 11

MOIST AIR DESCRIPTION, MODEL AND ANALYSIS

Background

The air entering the compressed air system, usually at outdoor condition, is at a
state defined by any combination of properties including pressure, temperature, density,
and relative humidity. As the air passes through the compressed air system, its properties
of pressure, temperature, density and humidity will keep changing depending on the
process that the air experiences. The ideal gas assumption and equations apply to the
compressed air — and along with the energy and mass conservation equation — are used to
calculate the properties of the air at each point within the compressed air system.

Other important parameters associated with the compressed air such as the gas
constants, specific heats, humidity ratios, specific humidities, and flow rates may or may
not vary in the system. However, they must be determined to analyze the state of the air
at each point (usually defined as the inlet and outlet of an important component) that is
being processed. In this research work, moist air, which is a mixture of dry air and water
vapor, will be the fluid of interest; however, other fluids such as liquid water and oil are
present in some component.

Lastly, the discussion of the MATLAB codes for calculations related to this
chapter can be found in the APPENDIX B. The example problems that will be discussed

in this chapter will also be covered in the APPENDIX B.
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Ideal Gas and Moist Air Equation

Equations (1) and (2) below are the ideal gas equations for dry air and water vapor.

While, Equations (3) and (4) show how the specific gas constant is related to the molar

mass and the universal gas constant.
B,V=m,R,T,

P,V=m,R,T,

and

where: « V is the gas volume [ft3],
« T is the gas temperature [R or °F],
* P, is the dry air partial pressure [psia],
* P, is the water vapor partial pressure [psia],
» m, is the mass of the dry air [lbm],

* m,, is the mass of the water vapor [[bm],

* M, is the molar mass of the dry air [—l::nn;l]’

) b
* M,, is the molar mass of the water vapor [lbr::)l :

BTU lbfft]

* R, is the universal gas constant [lb

* R, is the specific gas constant of the dry air [

16

mol-R Ibmol-R

el t], and

1)

(2)

(3)

(4)



BTU or Ibf-ft
Ilbm-R Ilbm-R

1.

* R, is the specific gas constant of the water vapor [

The molar mass of the dry air M, which consist of 78.09% of nitrogen, 20.95%

of oxygen, and about 1% of mixture of argon, carbon dioxide, and other gases, is equal to

lbm

o The molar mass of the water vapor M,,, which is the gaseous phase of water,

28.97

Also, the universal gas constant R,, is known to be 1,545 %.

lbm
Ilbmol’

is equal to 18.02

The ideal gas equation can also be written in terms of the gas specific volume v as

shown in Equations (5) and (6) below.

Pov,=R,T, (5)

and
P,v, =R, T, (6)
where: « v, is the dry-air specific volume [%], and

* v, is the water-vapor specific volume [%].
Also, the total pressure of the gas should equal to the sum of the partial pressure of the dry
air P,, and the water vapor P,. Then, the following Equation (7) shows the relationship
between the gas specific volume v, the gas density p, and the ideal gas equation.

4 _RT
v=p = =7 (7)

SRS

3
where: v is the gas specific volume [l%n],

* p is the gas density [I;JTT ,
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» m is the gas mass [lbm],

BTU or Ibf-ft
Ilbm-R Ilbm-R

* R is the gas constant [ ], and

* P is the gas pressure [psia].

Gas Constant and Specific Heat

The gas constant R is related to the gas specific heat for constant pressure C,, and
the gas specific heat for constant volume C,,, whose difference, as described in Equation

(8), is the gas constant R.

R=0C,—Cy, (8)

BTU]’and
‘R

where: « C, is the gas specific heat for constant pressure [lbm

BTU
Ibm-R

* C, is the gas specific heat for constant volume [ ].
Another important parameter is the specific heat ratio k, which represents the ratio
between the gas specific heat in constant pressure C,, and the gas specific heat in constant

volume C,, as described in Equation (9).

k=2 ©)
where k is the gas specific heat ratio [unitless].

For dry air, the k value is equal to 1.40, as shown on Table 3 below. Moist air
would have various k values since the presence of the water vapor mixed with the dry air
could influence the property values of the moist air. For example, the k value for steam
where most of the process occurs in the wet region is 1.135, and the k value for

18



superheated steam is 1.33. Equations (10) and (11) below describe the additional

relationship between R, C,, C,, and k.

k R
CP = k—1 ’ (10)
and
R
Co=v—"7 (1)
In addition, some constant properties of dry air and water vapor are listed in Table
3 below.
Table 3. Constant Properties of Dry Air and Water VVapor
Properties Dry Air Water Vapor
M 28.97 bm 18.02 bm
" lbmol " lbmol
0.075 bm 62.4 bm
P T ftd ©ft3
C 0.240 0.446 51U
P “lbm-R U lbm - R
C 0.172 BTU 0.335 5TU
v T lbm-R T Ibm- R
Ibf - ft Ibf - ft
R . . . .
00691b R 53 33lbm-R 0110lb R 85 78lbm-R
k 1.40 1.33

Humidity Ratio and Relative Humidity

Another important property of the gas is the humidity ratio w, which is the ratio of
the water vapor mass m,, and the dry air mass m,. It can be calculated by using Equation

(12) that is shown below.
19



© (12)
where w is the gas humidity ratio [unitless].
Using the ideal gas equation (Equations (1) and (2)), Equation (12) can be used to derive
Equation (13).

_M, 5
M, P, (13)

w

Substituting the molar masses of the water vapor M, and the dry air M, with their
respective numerical values results in Equation (14).

0.622 P,
P—P, (14)

With ¢ as the gas relative humidity and P, as the saturation vapor partial pressure, the

w =

partial pressure of water vapor P, can be calculated by using Equation (15) shown below.

Py =@ Py, (15)
where: ¢ @ is the gas relative humidity [%], and
* P, is water vapor saturation partial pressure [psia].
Also, combining Equations (14) and (15) renders Equation (16).

_ 0.622 ¢ By y
P_¢va ( )

Moreover, at the saturation point where the gas relative humidity ¢ is equal to
100%, the saturation pressure and temperature of the water vapor can be found by using

Table 4 below.
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Table 4. Saturated Steam Temperature - Pressure

Temperature Pressu_re Temperature Pressu_re Temperature Pressu_re
(Saturation) (Saturation) (Saturation)

°F psia °F psia °F psia

32 0.08871 110 1.2767 250 29.844
40 0.12173 120 1.6951 300 67.028
50 0.17812 130 2.2260 350 134.63
60 0.25638 140 2.8931 400 247.26
70 0.36334 150 3.7234 450 422.47
80 0.50745 170 5.9999 500 680.56
90 0.69904 200 11.538 600 1542.5
100 0.95052 212 14.709 700 3093.0

The relationship between the gas temperatures T, humidity ratios w, relative
humidity ¢, and other gas properties such as the gas wet bulb temperature, specific volume
v, and enthalpy can also be observed in Figure 4 below. It is important to note that this

psychometric chart only applies to the compressor inlet at atmospheric pressure.
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Figure 4. Moist Air Psychometric Chart [3]

It is important to know that the specific humidity ratio w of the compressed air is
always constant within the compressor because no condensation occurs, which if it did
would damage the air compressor. However, in the aftercooler component, which is
downstream of the compressor, condensation is allowed to form with the component
having a separator and drain system that remove the condensed moisture out from the

system. The condensation generated will be explained in the CHAPTER V.
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Volume and Mass Flow Rates
The volume flow rate of air is normally measured, assumed, or calculated, where
the relationship between the gas volume flow rate V, the pipe diameter D, and the gas flow

velocity V7 is shown in the following Equation (17).

_T
V_ZD Vv, (17)

. 3
where: « I is the gas volume flow rate [JS%C],
* D is the pipe diameter [in], and
« 7 is the gas velocity [Z4]
9 y sec’

Rearranging Equation (17), the mass flow rate of the dry air can be calculated by
using Equations (18) and (19).
. T 25
Mg =7D"Vp, (18)
and
me=Vp, (19)
lbm

where 1, is the mass flow rate of the dry air [;].

Furthermore, the mass flow rate for the water vapor can be calculated by using Equation

(20).

m, = wmg, (20)

where m,, is the mass flow rate for the water vapor [leTT:].
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Condensation of Water Vapor in the System

Condensation of water vapor to liquid water can occur anywhere in a compressed
air system, when moist air — a mixture of water vapor and dry air — is cooled down to its
dew point temperature T,,,,. However, the psychometric chart that is often used to find
dew point temperatures, as shown in Figure 4, is only applicable for the inlet moist air,
whose pressure is the atmospheric pressure condition. Therefore, once the inlet air enters
the air compressor, the psychometric equations — rather than the psychometric chart — must
be used to relate moist air properties such as the pressure P, temperature T, specific
volume v, humidity ratio w, and relative humidity ¢.

Regardless of the pressure or the location in the compressed air system, when the
moist air temperature T at any given values of the dry bulb temperature Ty, and the
relative humidity ¢ is cooled to its dew point temperature Ty.,,, the moist air will reach
its saturation point, or in other words, its relative humidity ¢ will become 100%. If the
moist air temperature T drops any further, then the water vapor contained within the moist
air will condense into liquid water. Figure 5 below shows a plot of the dew point
temperature T, Versus the dry bulb temperature T,, for various values of relative
humidity, assuming the moist air is at atmospheric pressure. It can be seen in Figure 5 that
the dew point temperature T,,,, increases as the relative humidity ¢ increases, for any
given air temperature. For example, the dew point temperature T,,,, for moist air a typical
room temperature of 70°F is about 62°F at 80% relative humidity, and about 44°F at 40%
relative humidity; meaning that at 80% relative humidity, the moist air can be cooled

down to 62°F before condensation could occur, however at 40% relative humidity, the
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moist air can be cooled down even further to 44°F before condensation could occur. Figure
5 below is based on the definition of the relative humidity, which is represented by
Equation (15), P, = ¢ P,s(T,;;,) , where the water vapor saturation partial pressure B, is
in a function of the moist air dry bulb temperature T,;,. Furthermore, the dew point is
defined as the saturation temperature for the partial pressure of the water vapor in the
moist air P,. Again, it should be noted that Figure 5 only applies to the atmospheric
pressure, mainly because the numerical values of the relative humidity ¢ shown are only

applicable to atmospheric pressure condition.

160
Relative Humidity ¢ [%]

140
— —100%
o, —380%
§ 120 60%
=~ —40%
e —_— 0,
2 100 0%
©
()
o
€ 80
@
<
2 60
2
a

40

20

0

0 20 40 60 80 100 120 140 160
Dry Bulb Temperature Tab [°F]

Figure 5. Dew Point Temperature Chart
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The relationship between the dew point temperature T,,.,,, the air dry bulb
temperatureT,,, and the relative humidity ¢, at atmospheric pressure condition
(14.7 psia), can also be described by using Equations (21) or (22) or (23).

17.6(T, — 32)

564+405( o +ln((p)>

Taew = ’ (21)
17.6(Ty, — 32)
17.6 — ( T, + 405 + ln(cp))

or
564 + 405 (17'6(Tdew —32) _ ln(go))
T T4e + 405 22)
db = ) 22
_ (17.6(Tgew —32) >
17.6 ( Toon ¥ 405 In(¢p)
or
17.6(Tgew — 32) 17.6(Tgp — 32)
@ =e Tdew+405 Tap + 405 ) ) (23)

where: ¢ @ is the relative humidity [%],

* Tyew 1S the dew point temperature [°F], and

* T4p is the air dry bulb temperature [°F].
These Equations (21) through (23) are approximations using the August-Roche-Magnus
formula [4] that has been modified from the original SI units to be applicable to the United
States customary units. The following example calculation is for the moist air
condensation with dew point temperature Ty,,, Of 44°F, and dry bulb temperature T, of
70°F, which produces a relative humidity ¢ of 39.2% - close to 40% from the plot in

Figure 5.

(17.6(Tdew —32) 17.6(Tgqp — 32))
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(17.6(44°F —32) 17.6(70°F — 32))
@ = e\ 44F+405 70F+405 ) = 39,20

From the above discussion, it can be seen how water vapor can be condensed when
the dew point temperature T,,,, is reached as the moist air is cooled down from starting
dry bulb temperature T, and relative humidity ¢. However, this process is less obvious
for the high pressure situation of the compressed air system, especially considering that
the psychometric chart in Figure 4, and the dew point temperature chart in Figure 5 are
not applicable.

To show that water vapor will immediately condense, or has the potential to
condense throughout any components of the compressed air system, the entering moist air
should be the starting point of the analysis. Rather than focusing on the relative humidity
@ that can change with the pressure, it is better to focus on the humidity ratio w, which
remains constant with pressure changes, and only varies when the water vapor of the moist
air is condensed.

Therefore, assuming that condensation is not occurring, meaning that the moist air
temperature is above the dew point Ty,,,, then this specific humidity ratio of the moist air
w remains constant throughout the air compressor and the high pressure side of the
compressed air system. Furthermore, with the humidity ratio w being constant, the dew
point temperature T,,,, iS only a function of pressure and can be calculated by using
equations introduced before. To illustrate how the dew point temperature Ty, changes in
the system, the air compressor can be divided into three locations to be focused on. Those
three locations are the inlet, the intermediate, and the outlet regions of the air compressor;

each with its own pressure condition, but has the same humidity ratio as the other
27



locations. The intermediate pressure P; of the compressor, which is the compressed air
pressure inside the intercooler, is equal to the square root of the product of the inlet

pressure P;, and the outlet pressure P,,,; as shown in Equation (24).

PI=\/Pin'Pout' (24)
where: ¢ P;,, is the inlet pressure into the air compressor [psia],

* P; is the intermediate pressure inside the air compressor [psia], and

* P,,: is the outlet pressure from the air compressor [psia].

As an example, with the inlet air being taken directly from the outdoor moist air,
the inlet pressure P;,, temperature T;,, and relative humidity ¢ can be assumed to be
14.7 psia, 70°F, and 50%, respectively. For the assumed dry bulb air temperature T, of
70°F, the water vapor saturation partial pressure P, would be 0.36334 psia, as listed
in the saturated steam table in Table 4. The water vapor partial pressure B, can be
calculated using Equation (15) as follows:

Py = Pin Bosyy

P,,, = (50%)(0.36334 psia) = 0.182 psia
With an atmospheric inlet pressure of 14.7 psia, and if the outlet pressure P,,,; is assumed

to be 150 psia, the intermediate pressure P, would be:

PI:\/Pin'Pout

P, = \/(14.7 psia) - (150 psia) = 47 psia

The psychometric chart in Figure 4 can be used to find the inlet specific humidity ratio w

at the compressor, or it can be calculated using Equation (16) as follows:
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0.622 ¢ P,
w=—-—"

Pin - va
0.622(50%)(0.36334 psi lb
w = 2(50%)( PSia) __ _ 4 oo77gm
(14.7 psia) — (50%)(0.36334 psia) lbm,

Again, this value of the inlet specific humidity ratio w is assumed to be the same at all
locations in the air compressor, regardless of the dry bulb temperature of the moist air
being compressed. As such, the water vapor partial pressure P, at pressures higher than
the atmospheric inlet pressure (14.7 psia) can be calculated using Equation (14) as

follows:

and after rearranging, it became

p = w P
VT w+0.622

Once the partial pressure P, is obtained, then its corresponding saturation temperature
would be the dew point temperature Ty,,,, based on a condition that is reaching a
saturation at 100% relative humidity ¢. Therefore, the partial pressure of the
intermediate P,, and the outlet P, , sections can be calculated as follows:

p = w P,
VI w4 0.622

lbm )
(0.00778 W) (47 psia)
lbm,

lbm,

B, = = 0.580 psia,

(0.00778

)+ 0.622

and
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p _ W Poyt
Vout w ~+ 0.622

(0 00778 lbm”) (150 psia)

= = 1.854 psia

(0 00778 gzmv) +0.622

Vout

Again, using the saturated steam table in Table 4 to find the saturation temperature
corresponding to each partial pressures would results in the dew point temperature T,,,

at each locations as shown in the summary below:

Inlet section: P,,, = 0.182 psia Taew;,, = 50.5 °F
Intermediate section: P,, = 0.580 psia Tgew; = 83.8°F
Outlet section: P, = 1.854 psia Taew yyy = 123.0 °F

This simple example of moist air entering an air compressor at a typical real world
representation of inlet condition demonstrates quite vividly how the dew point temperature
T,.» Changes with pressure in a compressed air system. Furthermore, the resulting dew
point temperature T,,,, illustrates that at the low inlet atmospheric pressure, the 50.5 °F
dew point temperature is not likely to produce condensation, but at higher pressures, where
the dew point temperature ranges from 83.8 °F to 123.0 °F, condensation is more likely
to occur, as the compressed air losses heat to the surrounding at 70 °F.

The fact that the dew point temperature T,,,, increases as moist air is compressed
is one of the most important concepts in compressed air, namely that if the temperature of
the high-pressure air goes below the dew point, then liquid water will be formed. Such
event would create problems or forcing the system designs to accommodate this

condensation. It should be noted that even though — in this example — the air enters the
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compressor at 70°F, the compression process will make the temperature of the exiting

compressed air to be higher than its dew point temperature, which prevent condensation

from occurring inside the air compressor. As a result, most of the condensation issues in

a compressed air system occurs downstream of the compressor exit

Several important issues related to dew point temperature and condensation are
summarized below. In some cases, more details will be presented in the various chapters
that deal with components.

1. The intercooler between the 1% and the 2" stages of the air compressor is used to
decrease the compressed air temperature prior to entering the 2" stage in order to
increase the compressor efficiency. However, while being cooled, the air temperature
must always be kept above the dew point temperature, which in this example is 84 °F,
because going below this temperature will result in condensation, and the condensed
liquid water could mix with the lubricating oil causing damage to the air compressor.
Assuming that the intercooler is cooled by the 70 °F outside air, then it is certainly
possible for the compressed air to go below its dew point temperature, therefore an
appropriate intercooler design is needed to prevent the condensation.

2. The air exiting the 2" stage air compressor is extremely hot, as it often exceed 300°F
depending on the air compressor efficiency, the pressure ratio, and the 2" stage air
compressor inlet temperature. This exiting hot air immediately flows to the aftercooler
where the temperature is expected to decrease below its dew point temperature, which
in this example is 123 °F. Large amount of condensate will be formed in the
aftercooler, and must be drained and discarded following appropriate environmental
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regulations. As a final note, because the exiting air is saturated, its temperature is a
dew point temperature, which is lower than the original 123 °F dew point temperature
while also has lower specific humidity ratio w.

The saturated air (100% relative humidity) exiting the aftercooler is still warmer than
the 70 °F surrounding air, and will be discharged to the accumulators, or to the system
supply piping, where it cools further. For example, since the accumulator — or the
receiver — metal walls are exposed to the outside room air temperature (typically
70 °F), then the entering air will be cooled further below its dew point temperature,
causing water condensate to form in the accumulator. As a result, accumulators are
designed to have water traps and drains installed at their base to capture and remove
this condensate.

Not all of the compressed air leaving the aftercooler will be stored in the accumulator,
where it cools down below its dew point temperature. Rather, depending on the supply
and demand air flow rate balance, additional condensation may formed as the
compressed air also flows directly to the supply piping system, whose pipe walls are
exposed to the lower temperature environment, which is often the 70 °F conditioned
space in a building. It is important to note that in this example the piping system is in
a 70 °F conditioned space; however, piping can also run outdoor in a colder
environment resulting in an even lower temperature. Regardless of the pipe wall
exposure, as the compressed air is distributed throughout the system, its temperature
continually falls below its dew point temperature, which follows the falling dry bulb
temperature. To accommodate this water condensation build up in pipes, the
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compressed air piping system should always be mounted at a downward angle to drain
the liquid water to the traps and drains that are installed at a fixed piping-length
interval, specified by the design guidelines.

. The above four components, namely the intercooler, the aftercooler, the accumulator
(or receiver), and the piping system, can all change the dew point temperature, along
with the moist air specific humidity ratio, by producing condensation in the
compressed air system. The fifth component, namely the drying system also alters the
dew point temperature by using any one of several different techniques and
approaches. Whereas the above components change the dew point temperature and the
specific relative humidity ratio by condensation, the drying system usually lowers the
dew point temperature by directly removing water vapor from the moist air. These
technologies that remove water vapor without condensation are discussed elsewhere;
however, one exception is that drying can also take place by using a refrigeration
system that cools the air down causing condensation, and thus reducing the dew point
temperature, even as low as the freezing point temperature of water. As will be
discussed later, the reason for reducing the dew point temperature in a dryer is that
when compressed air expands in a tool or other mechanical devices at the exit, then
significant drops in temperature may result that can produce condensation in high-
speed air motors, resulting in damage and failure.

. The two other places that can reduce the dew point temperature due to pressure
changes, and/or cause condensation due to the dry bulb temperature drops are the

pressure regulators, and the operating tools or devices supplied by the air from the
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compressed air system. The expansion of compressed air to a lower pressure can
reduce the dew point temperature, just as pressure increase can increase the dew point
temperature as well. Simultaneously, the expansion of compressed air can also reduce
the air dry bulb temperature, and if the dry bulb temperature goes below the dew point
temperature, then condensation will occur.

Because of the importance of the dew point temperature, which can result in
condensation anywhere in a compressed air system, relative to the system’s actual dry
bulb temperature, tables and plots of the dew point temperature for different pressures are
valuable for providing operating limits and guidelines. Using the same methodology used
previously to determine the dew point temperatures (of 51°F, 84°F, and 123°F) for the
three pressures (of 14.7 psia, 47 psia and 150 psia) in the example, the plots of dew
point temperature for different inlet temperatures and relative humidities can be created.
As noted before, the basic assumption that must exist is that the specific humidity ratio at
atmospheric pressure remains constant as the air pressure increases, which is reasonable
as long as condensation does not occur.

Figure 6, Figure 7, and Figure 8 below show three different inlet temperature of
low (50°F), medium (70°F), and high (90°F) that can be expected at the inlet of an air
compressor. The inlet air temperature from a conditioned space is expected to be the
medium temperature (70°F), while the two other temperatures could be the outdoor air

temperatures representing two different seasons.
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Figure 8. Dew Point Temperature Chart for High Inlet Temperature (90°F)

From the ideal gas equation, Equation (5), the air temperature and the air pressure
is directly related, which means that in a system where there is no change in mass and
volume, an increase in temperature would result in an increase in pressure. Therefore, as
the air pressure increases, the dew point temperature decreases. On the other hand, the
increase in the relative humidity would have the opposite effect, as it would increase the
dew point temperature when the air temperature remains the same.

The condensation generated V,,,,4 inside the aftercooler should be directly related
to the volume flow rate of the compressed air V, as well as the change in the humidity

ratio Aw. The change in the humidity ratio Aw is the decrease in humidity from the initial
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humidity ratio w; before condensation occurred to the final humidity ratio w; after the
condensation occurred. Using the relationship between humidity ratio and the partial
masses of the compressed air from Equation (20), the relationship between the change in
the humidity ratio and the mass flow rate of the condensation generated can be derived as

shown in Equation (25).

my, my — Meong Meond
Aw = w; —wf == — =—

ma ma ma (25)

where: » Aw is the difference in the humidity ratio [unitless],
* w; is the initial humidity ratio before condensation [unitless],

* wy is the final humidity ratio after condensation [unitless],
.. . lbm

* m, is the mass flow rate of dry air [E]’

* m,, is the mass flow rate of water vapor [Z’TTZ], and

. . . lb
* Mona 1S the mass flow rate of condensation generated [ﬁ].

Furthermore, using the relationship between the mass flow rate, the volume flow
rate, and the density as described in Equation (19), the condensation generated V,,,4 can

be related to the change in the humidity ratio Aw, the volume flow rate of the compressed

air V, and the gas density ratio %. With this relationship being shown in Equation (26)

below.

. o p_a
Veona =V Aw 0y (26)

where: * V.4 1S the condensation generated [SCFM],

« V is the gas volume flow rate [SCFM],
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* Aw is the difference (decrease) in the humidity ratio [unitless],

* pq is the density of dry air [?T?], and

* p,, Is the density of water vapor [I;’TT :

Since the density of dry air p, and water vapor p,, at outdoor condition (at about 68°F) are

known to be 0.075 l;’T"; and 62.4[]?7"31 respectively, the density ratio % should be 0.0012 or

1.2 - 1073, Therefore, Equation (26) can be written as Equation (27).

Veong = 0.0012 V Aw 27)

Example Problem Ill.a: Air Properties

Obijective:  Solve for the specific volume v, of dry air at standard condition, which is
a condition at temperature of 68°F, pressure of 14.7 psia, and relative humidity of 50%.

Assumption: The gas is an ideal gas.

Knowns: R, =53.332LL T =68F P = 14.7 psia
lbm-R

Find: « Specific volume v,,.

Solution:

From Equation (7),

-1

V. RT
‘U:p = — = —

m P
Therefore, the specific volume v is:

R, T
Py

Vg =
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_R,T
va_P_(vas

The water vapor saturation partial pressure P, at temperature of 68°F can be found using
data interpolation of Table 4.

((68 — 60)°F)

B, = 0.2564 psi . —0.2564 ia) ——— = 0.3419 ]
s = 0.2564 psia + ((0.3633 — 0.2564) psia) (70 = 60)°F) 0.34195 psia
(53.33 M) ((68 + 459.67)R) 3
Ibm- R ft
Va = in? iy = B4,

Discussion: Since the specific volume v, is the multiplicative inverse of the density p,,

3
the multiplicative inverse of 13.42 z%n should equal to 0.0745 l}%‘, which is true.
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CHAPTER IV

AIR COMPRESSORS MODEL AND ANALYSIS

Background

A two-stage air compressor package consists of a 1%-stage air compressor, an
intercooler, and a 2"%-stage air compressor. In this chapter, only the air compressor parts
of the package, which also includes an intercooler, will be discussed, modeled, and
analyzed. The intercooler will be covered in the following chapter together with the
aftercooler, as both of these components are heat exchangers.

In a two-stage air compressor, the air will undergo two separate, but similar,
compression processes. For example, in the 1% stage, the air is drawn in and compressed
to an intermediate pressure. After that, the compressed air exits to the intercooler where it
is cooled down before being compressed in the 2" stage. The air intercooling, which
reduces the temperature of the air leaving the 1% stage before entering the 2" stage, is what
makes a two-stage air compressor more efficient at higher pressures. Some assumptions
that can be made for this component is listed as follows:

1. The compressed air follows the ideal gas law,
2. Constant specific humidity ratio and mass flow rate in the two-stage air compressor,
3. There are no changes in both kinetic energy and potential energy, and
4. Compression process is adiabatic.
The 1% stage air compressor that compresses air from its low inlet pressure is also

called the low-pressure (LP) compressor. While the 2" stage air compressor is also called
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the high-pressure (HP) compressor because it pressurizes air from a higher intermediate
pressure to a final pressure. Figure 9 shows the schematic of the air flow path, along with

the interactions of the compressors and the coolers in a two-stage compressed air system.

I Air Compressor I
/ Coolant in \ Coolant in
Intercooler \ &
7
Constant ¢ 2" Stage Aftercooler
[OF) w3 Vcond
C ‘ﬂ = ‘ﬂ )=
Coolant out {J{ E, Coolant out {{{
Pressure inlet Heat Transfer Out Pressure outlet Heat Trarjsfer Out
Temperature inlet Q Temperature outlet Q
\ Adiabatic Compression j Drain moisture out

Figure 9. Compressed Air System Diagram (Two-Stage Air Compressor - Cooler)

As the first step in modeling and analyzing the compression process, Figure 10
shows one compression stage of the air compressor, which could be either the low-
pressure or the high-pressure compression. Also shown in Figure 10 are the key

parameters that are used in the air compressor modeling and analysis.

Specific Work Transfer In
w
| |

|

Inlet Outlet

Air Compressor

e Pressure Py, o Adiabatic e Pressure P,
e Temperature Tin_ o Open system e Temperature Tou;
o Mass flow rate m;, o Efficiency o Mass flow rate i,

o Humidity ratio w o Humidity ratio w

Heat Transfer Out
Q

Figure 10. Compressed Air System Compressor Schematic and Process
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Lastly, the discussion of the MATLAB codes for calculations related to this

chapter can be found in the APPENDIX C. The example problems that will be discussed

in this chapter will also be covered in the APPENDIX C.

Steady-State Energy Balance

To analyze the specific work of the air compression system, the steady-state energy

rate balance in Equation (28) is the appropriate starting point. It should be noted that the

subscript in is for the inlet and the subscript out is for the outlet or the exit.

where:

aE 0 W+Z'<h+1l72+ ) Z‘<h+1172+ )
— =0 — m — z| — m - z ,
dt 2 I in 2 I out (28)

dE . BTU
< is the energy transfer rate [W]’
« Q is the heat transfer rate [BhT—rU],
« W is the work transfer rate [BhT—TU],
* m is the mass transfer rate [TTT]’

. . p- BTU
* his the specific enthalpy [ﬁ],
« 7 is the inlet velocity [£5]
y sec’

« g is the acceleration due to gravity [Sé%], and

« z is the position altitude [ft].

The work transfer rate W of an air compressor would be the amount of work that is

received from the power supply, thus it will have a negative sign. Furthermore, since the

process is steady-state and adiabatic, has constant mass flow rate, and has no changes in
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both kinetic energy and potential energy, Equation (28) can be simplified into Equation

(29).

W =m (hout - hin) ’ (29)
where the changes in specific enthalpy can be described in terms of specific heat and

change in temperature as shown in Equation (30) below.

hout — hin = Cp (Tout — Tin) (30)

BTU ]
Ibm-R"’

where: * C, is the gas specific heat for constant pressure [

* T,.: 1S the gas outlet temperature [°F], and
* T;y, is the gas inlet temperature [°F].

Therefore, Equation (29) can be written as Equations (31) below

W =m Cp (Tout - Tin) ’ (31)

or

w = Cp (Tout - Tin) ’ (32)

where w is the specific work [%].

Open System Air Compression Processes
Polytropic and Isentropic Process

An air compression process, which can be expressed as the product of the air
pressure and its specific volume, is a polytropic process. For the compressed air system at

ideal condition, which is an adiabatic and open system process, the specific work ;; can
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be derived from Equation (32) with ideal temperature difference (Touti = Tin), which is

described in Equation (33) below.

Wig = Cp(Tout ;g — Tin) (33)
where: ¢ W, Is the ideal specific work [%],
* Tout;, 1S the gas ideal outlet temperature [°F], and
* T;y, is the gas inlet temperature [°F].
The ideal outlet temperature Ty, ,, Will follow Equation (34) below.

Pout) n

o (34)

Toutiq = Ton
where: ¢ P,,,; is the gas outlet pressure [psia],
* P, is the gas inlet pressure [psia], and
* n is the gas polytropic index [unitless].
Also, the ideal outlet compressed air volume Vo, , will depend on Py, and Py, as well
as the Vi, which is the inlet air volume. Equation (35) can be used to calculate the V-

1

P, \n
Voutid =V <Polut) ) (35)

where: * V¢, , is the gas ideal outlet volume [ft3], and
* V;,, is the gas inlet volume [f¢t3].
Furthermore, if the polytropic index n of a compression process is equal to 1.0,

then the process is called isothermal. If the polytropic index n is equal to the heat capacity
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ratio k of the gas, which is equal to 1.4 for dry air, the process is called the isentropic

process.

Isothermal Process
Next, for isothermal process, where the polytropic index n is equal to 1.0, the

specific work w;,, is in a function of the gas constant R, the temperature T, and the

pressure ratio ;i. The polytropic index n ranges from 1.0 for an ideal isothermal
out

compression, where the process occurs slowly to keep the gas temperature constant, to 1.4
for an ideal adiabatic compression or an isentropic compression, where the process occurs
rapidly to prevent any flow of energy from transferring into or out from the air compressor.

Equation (36) below describes the specific work at isothermal process.

Pout

Pin ’ (36)

Wiso =RT In
i ; e BTU
where: ¢ W;, is the isothermal specific work [T]'

* R is the gas constant [%], and

« T is the gas constant temperature [°F].

Example Problem IV.a: Exit Temperatures

Objective: A polytropic process compressed air at standard condition to 100 psia.
Solve for the exit temperature if n = 1.0 (isothermal compression), n = 1.30, and n =
1.40 (isentropic compression).

Assumption: The gas is an ideal gas.
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The inlet condition of the gas is a standard condition.

Knowns: T;, = 68°F P, = 14.7 psia P,y = 100psia
Find: * The exit temperatures Ty, for each n values.
Solution:

Outlet
o Pyt
i Tout
e M

Air Compressor

J
vvy o
The governing formula to calculate the exit temperature is:

p n—1

A\ 1

Toutid =T; (;.u )
i

The exit temperature if n = 1.0 (isothermal compression) is:

1.0—-1

100 psia\ 10
> = 527.67 R = 68°F

Tout., = ((68 + 459.67)R (—
outig = (68 + >)14.7psia

The exit temperature if n = 1.30 is:

1.30—-1

100 psia\ 130
) =819.8R = 361.1°F

Tout:r = 459.67)R) | ——————
outiq = ({68 +459.67)R) (14.7 psia
The exit temperature if n = 1.40 (isentropic compression) is:

1.40-1

100 psia\ 140
) =910.9 R = 452.2°F

Tout:» = ((68 + 459.67)R (—
outiq = ({68 + ))14.7psia

Discussion: As the value of the polytropic index n increases, the exit temperature also

increases. The increase in n limits the amount of heat that exits the system. When n =
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1, the compression is isothermal, and on the other hand, when n = 1.4, the compression

IS isentropic.

Real Process
The actual condition of the working system is normally different from the ideal

condition. Equation (37) below describes the system specific work at actual condition w,,,

which is in a function of C,, and actual temperature difference (T,ye . — Tin)-

Woe = Cp (Toutac - Tin) ) (37)
. . - BTU
where: ¢ W, is the actual specific work [T]’ and

* Tout,, 1S the gas actual outlet temperature [°F].

Two-Stage Process
For two-stage air compressor, there will be an intermediate pressure P; across the
intercooler, and it can be calculated by using Equation (38), which is a modification of

Equation (24).

Py = /PPy, (38)
where: ¢ P; is the intermediate pressure [psia],

* P, is the gas pressure into the air compressor package [psia], and

* P, is the gas pressure out from the air compressor package [psia].
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P;, and P, are the gas pressure at point 1, and point 4 in Figure 9. Note that the gas pressure
at point 2, and point 3 are the same (P, = P3), and are also called the intermediate pressure

P,

Polytropic and Isothermal Efficiency

To describe the efficiency of a compressor, the actual specific work v, need to
be related to the ideal specific work w;4, which renders the efficiency value called the
polytropic efficiency n,,,. The polytropic efficiency 7,, of a compressor can be
calculated as the ratio between the specific work at ideal condition, and the specific work
at actual condition as described in Equation (39) below. In another case, if the compression
is an isothermal process, the isothermal efficiency n;,, can be calculated by using

Equation (40).

o= Wig 2

POl ™ .’ (39)
or

Moo = —is0 10

Lso Wac Y ( )

where: « 17, is the polytropic efficiency [%], and
* Niso 1S the isothermal efficiency [%].
Note that the polytropic efficiency 7n,,;, can also be addressed as the isentropic efficiency

Nise When its polytropic index n is equal to the heat capacity ratio k, or in other words, the

process is isentropic.
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Example Problem IV.b: Specific Work and Efficiency

Objective:  Air at standard condition was compressed to 100 psia. If the compression
process is an adiabatic process, and has an isentropic efficiency of 75%, solve for the
actual specific work, the exit temperature, and the heat loss. In different case, if the
compression process is an isothermal process, and has an isothermal efficiency of 75%,
solve for the actual specific work, the exit temperature, and the heat loss. Additionally,
if the compression process is an adiabatic and reversible process, solve for the isothermal
efficiency 7;s,-
Assumption: The gas or air is an ideal gas.

The inlet condition of the gas is a standard condition.
Knowns: 71, = 75% Niso = 75% P, = 100 psia
Find: « The actual specific work wy.,

- the exit temperature T,y .,

» the heat loss Q, and

» the isothermal efficiency 7;g,.
Solution:

For adiabatic process:

Outlet
® Py
* Tour
e m

Wi -o

The ideal specific work w;; is:
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Wig = Cp (Toutid - Tin)

v ) ((452.2 — 68)R) = 92. 2@

=10.24
d (020 T

lbm

The actual specific work v, Is:

no, = id
PO g
W — Wid
ac Nise
BTU
S 7 _ 122951
Wac = 75 Ibm

The exit temperature Ty , . IS

Wig

Npot = W_ac
o Cp (Toutid —Tin)
e Cp (Toutac - Tin)

(Toutld ln)
Nise

Toutac =Tin+———

(452.2°F — 68°F)

= 2°F
75% 580

Tout 4, = (68°F) +

Then, the heat loss Q can also be calculated as the difference between the ideal and
actual specific work.
Q = Wge — Wig

122. 9BTU> (92 2 BTU) = 30 7BTU
0= ( lb Ibm/) " Ibm

For isothermal process:
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Outlet

° Puut

° Tout = Tin
e M

The isothermal specific work w;, is:

Pout

Wiso = R,T In

in

Viso = (0 069 1Y )(527 67 R) (1 100 psia
Wiso = \ "0 Ipm - R ' 147 psia
The actual specific work v, is
Niso = Wiso
LSO Wac
W = Wiso
e Niso
69 75— BTU BTU
Wy = ——bm _ g3 92"~
ac 75% lbm
The exit temperature T, . IS:
Wac = Cp (Toutac - Tin)
w,
Toutac =Tip + C(;C
92,9 ETU
Toutac = (68°F) + —BTU = 455.1°F
0.240 77— bR

o1

)=

BTU

lbm



Then, the heat loss Q can also be calculated as the difference between the isothermal and

actual specific work.

. (9298TU) (697BTU) —ZSZBTU
Q= " Ibm “bm/) T 777 Ibm

Additionally, if the compression process is an adiabatic and reversible (n =

100%) process, the isothermal efficiency n;s, would be:

Niso = Wiso
iso Wac
Niso = Wiso
LSO Wld
69.7510
Niso = W = 756%
92.2 W

Discussion: The temperature difference for the actual condition is always larger than
the temperature difference for the ideal condition. It is more efficient to have the
temperature difference to be as small as possible. The heat loss is the difference between

the ideal and the actual specific work.

Open System Air Compression Processes with P-v Diagrams

The air compression process plotted in a P — v (pressure — specific volume)
diagram with isothermal process provides insight into how parameters change, along with
the work transfer. Five scenarios including the process on a P — v diagram, along with
description and explanation are presented as a prelude to modeling and analysis. Of special
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note, because these are ideal processes, the area to the left of the curve represents the work

of the compression process. Moreover, neglecting changes in both kinetic energy and

potential energy of the compressed air, the ideal work of an open system air compressor

can be seenona P — v diagramas W = [ v dP

One-Stage Polytropic Process

Below is a P — v diagram of a one-stage polytropic air compressor. In Figure 11,

the polytropic air compression occurs at the curves between point 1 and point 2. The

compression curve of this polytropic process should have a polytropic index n, which can

be of any real numbers.

P4

Py

Isothermal Process

Polytropic Compression

= ~

~ ~
=~ ~
T Ty T

Isothermal Curves

»
»
v

Figure 11. P-v Diagram of a Polytropic Air Compressor

Figure 12 illustrates the P — v relationship of an isothermal air compressor that

has constant temperature. The isothermal air compression in Figure 12 occurs at the curves
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between point 1 and point 2. The compression curve of this isothermal process has a
polytropic index n equals to 1. An isothermal process means that there is heat transfer
between the system and the surrounding environment. Moreover, since the temperature
within the air compressor stays constant despite of the increase in the air pressure, it means

that the isothermal process involves maximum cooling process.

PA
P2 X <
\ \
\ \
\ \
\ \
\ \
\ \ )
Isothermal Compression
N N
N\ N\
N N
> ~N > ~N
~ - ~ -

=~ ~ ~ ~

P ~ ~ - ~ ~ -
! ﬁ .Tl .TII .TIII
R
Isothermal Curves

<=V

Figure 12. P-v Diagram of an Isothermal Air Compressor

One-Stage Isentropic Process

Figure 13 illustrates the P — v relationship of a one-stage isentropic air
compressor, which means that it has no cooling process, or in other words, it is an adiabatic
and reversible process. The isentropic air compression in Figure 13 occurs at the curves
between point 1 and point 2. The compression curve of this isentropic process has a

polytropic index n equals to the heat capacity ratio k of the gas.
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Figure 13. P-v Diagram of a One-Stage Isentropic Air Compressor

As the air is being compressed from P; to P,, there will be an increase in
temperature from T,, which is the initial temperature T, to T, which is the one-stage
isentropic process final temperature T},;.

For example, if the inlet pressure P, and temperature T; or T, are 14.7 psia and
70°F, and the desired outlet pressure P, is 120 psia. Then, assuming the air is dry air,

using Equation (34), the outlet temperature T};; can be found as:

pot
t n
Toutld Tin (Po_:l>

n-1
T =1,(3) "
111 — 4] P1

1.4-1

T, = ((70°F + 459.67)R) (120 psm) " 5050F
i ' 14.7 psia B

Hence, the one-stage isentropic process final temperature T;;; is equal to 505°F.
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One-Stage Real Process

Figure 14 illustrates the P — v relationship of a one-stage real process air
compressor, which means that compressor efficiency may be less than 100%, which is
always the case in reality. The real air compression in Figure 14 occurs at the curves
between point 1 and point 2. The compression curve of this isentropic process has a
polytropic index n that is larger than the heat capacity ratio k of the gas.

PA

Real Compression

~
~
~
~
~

~
~
~
~
~ ~
T; Ty T

Isothermal Curves

Py

=V

Figure 14. P-v Diagram of a One-Stage Real Air Compressor

The compression process is similar to that of the one-stage isentropic compression;
however, the final temperature after the compression process should be a higher value.
For example, using the same condition as the previous scenario’s example, where

the final temperature T;;; is equal to 505°F, the final temperature Tj;, . of the real air

compression where the polytropic efficiency n,,, equals to 80% can be found as:
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foop = Wiq
pol — .
Wac

1 _ Cp (Toutid - Tin)
pot Cp (Toutac - Tin)

n . Ty —Tp)
= M= 1D
P (Ting, —Th)

(TIII - TI)
77pol

Tmac =T+

. (505°F — 70°F) .
Tir,e = (70°F) + oy = O13°F

Hence, the one-stage real process final temperature T, , . is equal to 613°F, which is more

than 100°F higher than the final temperature of the one-stage isentropic process Tj;;.

Two-Stage Isentropic Process

Figure 15 illustrates the P — v relationship of a two-stage air compressor that
represents the work saved (green area) as a result of two-stage compression with
intercooling. The 1% stage and the 2" stage of isentropic air compression in Figure 15
occurs at the curves between point 1 and point 2, and between point 3 and point 4,
respectively. The intercooling occurs at the horizontal line between point 2 and point 3.
The compression curve of this isentropic process has a polytropic index n equals to the

heat capacity ratio k of the gas.
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2" Stage Isentropic Compression

1% Stage Isentropic Compression

As the air is being compressed from P; to P,, there will be an increase in
temperature from T;, which is the initial temperature T;, to T,. Similarly, the air
compression from P; to P, will increase the air temperature from T to T,. During the
intercooling process, the air pressure stays constant, such that P, is the same as Ps; the
pressure at this point is called the intermediate pressure P;. Furthermore, because of the
intercooling process, the air temperature after the 1% stage compression T, will decrease
to the initial air temperature T, such that T is the same as T;. Also, the 2" stage
compression would increase the air temperature to T,, which is the two-stage isentropic
process final temperature T;;. The two-stage isentropic process final temperature T;; is the

same as the air temperature after the 1 stage compression, which makes T, the same as

T,.
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For example, if the inlet pressure P; and temperature T; = T, are 14.7 psia and
70°F, and the desired outlet pressure P, is 120 psia. Then, assuming the air is dry air,

using Equation (38), the intermediate pressure P; can be found as:

P= P,

P, = \/(14.7 psia) - (120 psia) = 42 psia

Next, using Equation (34), the outlet temperature T;; can be found as:

ey

n—

PN 7
=i ()

1

1.4-1
T;; = ((70°F + 459 67>R)( 42 psia > R 255°F
= ' 14.7 psia B

Hence, the two-stage isentropic process final temperature T;; is equal to 255°F, which is

close to half of the final temperature of the one-stage isentropic process Ty;;.

Example Problem IV.c: Intermediate Pressure and Total Specific Work

Objective: For a two-stage air compressor with 80% isentropic efficiency n;s, on an
adiabatic compression (k = 1.40) on each stage, the exit pressure P, is found to be
125 psig, and the intercooler cools down the compressed air to 110°F. The air inlet
condition is also known to be in standard condition. Solve for the intermediate pressure
P;, and the actual exit temperature of each stage of the compression (T, and T,). See

Figure 15.
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Assumption: The gas is an ideal gas.

The inlet condition of the gas is a standard condition.
Knowns:  7ise = 80% P, = 125 psig T; = 110°F
Find: * The intermediate pressure P;, and

« the actual exit temperature of each stages T, and T,.

Solution:
| Air Compressor I
/ Coolant in
|y =
1% Stage Intercooler 2M Stage

) =

The intermediate pressure P; is:

PI=1[P1'P4

P, = /(14.7 psia) - ({125 + 14.7) psia) = 45.32 psia

The ideal exit temperature of each stages can be calculated by using this

equation.
p n-1
t n
Toutid =T; (;_u)
n
Such that
n-1
=1 (z) "
zld 1 P1 )
and
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n-—1

PN T
Taiqg = T3 (FI)

Also, the actual exit temperature of each stages can be calculated by using this equation.

Wig
Npot = W_ac
o Cp (Toutid - Tin)
e Cp (Toutac - Tin)
Nise = (Toutid - Tin)

(Toutac - Tin)

(Toutld m)

Toutac =Tip +
Nise

Therefore, the ideal exit temperature at point 2 T, ; is:

1.40—-1

45.32 psia\ 1.40
) = 267.83°F

Hence, the actual exit temperature at point2 T, . is

T,., — T
Tppe =T1 + —( 2id 1)
Nise
oo (267.83°F — 68°F) _ o
T2ac = 68°F + 80% = 317.79°F

Then, the ideal exit temperature at point 4 T, , is
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1.40—1

125 + 14.7) psia)\ 140
« >psm)> — 325.77°F

45.32 psia

Ty, = ({110 + 459.67)R) <

Hence, the actual exit temperature at point4 7, , _ is:

T,.,—T
T4ac =T, + ( 4id 3)
Nise
(325.77°F — 110°F)
T,,, = 110°F + 5091 = 379.71°F
0

Moreover, the total actual specific work can also be calculated by using the

following equations:

Wae = Cp(Tout g = Tin)
Such that:

Wistae = Cp(T2qe = To),

and

Wzndac =Cp (T4ac - T3)

Therefore, the total actual specific work at the 1% stage Wist g, IS:

WlStac = CP(TZac - Tl)

. BTU BTU

Wistge = (0-240 b R) ((317.79 — 68)R) = 59.95W
And, the total actual specific work at the 2" stage Wand g 1S

WanaC = CP (T‘l'ac - T3)

. BTU BTU

Wond,, = (0.240 e R) ((379.71°F — 110)R) = 64.73——

Hence, the air compressor total actual specific work wi,¢qq . 1S:
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Weotalge = Wistge T Wandge

i - (59 95 BTU) + (64 73 BTU) _ 12468 21Y
Weotalqe = \°722 0 D2 m) T A bm

Discussion: The amount of work required by the 2" stage air compressor is higher than
the required work for the 1% stage air compressor. This means that higher temperature
air requires more work for compression process. Furthermore, the lower the isentropic
efficiency, the higher the exit temperature for each stages. This in turn requires a greater
amount of work. The best two-stage air compressor would have an optimum

intermediate pressure and also remove the most amount of heat by using the intercooler.

Example Problem 1V.d: Compressor Analysis

Objective: A two-stage air compressor with a capacity of 400 SCFM of standard
condition air discharges to a 140 psig header. With 90% of isentropic efficiency and
no condensation occurs in the intermediate stage, solve for the total power W and work
transfer rate w. See Figure 15.
Assumption: The gas is an ideal gas.

The inlet condition of the gas is a standard condition.

The compression is an adiabatic and polytropic process.
Knowns: V =400 SCFM P, = 140 psig Nise = 90%
Find: « The total power W;¢q;, and

* the work transfer rate Wy ypq;-

Solution:
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| Air Compressor |

e —

Intercooler 2" Stage

) b=
e m—iro

e P, e P,=P e P;=P e P,
o T o T, o Ty o T,

km oM oM .m/

First, the intermediate pressure P; need to be calculated.

N

P, = \/(14.7 psia) - ((140 + 14.7)psia) = 47.69 psia

Second, the actual temperature at point 2 T, . can be calculated by finding the

ideal temperature at the same point first.

1.40-1
T,., = ({68 + 459.67)R) (47'69 pSia) e 278.50°F
Zia ' 14.7 psia S
Hence,

T2aC = Tl + id

Nise

(278.50°F — 68°F)
T,,. = 68°F + = 301.89°F

90%

Third, from the psychometric chart in Figure 4, the humidity ratio w of the inlet

air is 0.00725 ”Z)n"ﬂ. This number is the same all the way through the air compressor

Mair
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because there is no condensation. Therefore, the lowest pressure that the gas temperature

can be cooled down is the saturation vapor pressure P,.

_0.622 ¢ Py
pP— @ va

p = wP
YS9 (0.622 + w)

_ (0.00725)(47.69 psia)
vS T (100%)(0.622 + 0.00725)

= 0.549 psia

Interpolating the values from Table 4 would give the temperature T; that corresponds

with the P,.

T; —80°F ({0549 — 0.50745)psia)
((90 — 80)°F)  ({0.66904 — 0.50745)psia)

({90 — 80)°F)({0.549 — 0.50745)psia)

T3 = BO°F) + 1066904 — 0.50745)psia)

= 82.57°F

Fourth, the actual temperature at point 4 T, . can be calculated by finding the

ideal temperature at the same point.

1.40-1
(140 + 14.7)psia\ 140
T,., = 2. 459, R = 298.87°F
4id ((82.57 + 459.67) )( 47.69 psia 98.87
such that
T,. T.
T4ac =T, + ( 4id 3)
Nise
(298.87°F — 82.57°F)
Ty,. = 82.57°F + = 322.91°F

90%
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Fifth, continuing to find the total power and work transfer rate W;sq;,,. as

follows:
Wtotalac = Wlstac + WanaC
Wtotalac = Cp (Tzac - Tl) + Cp (T4ac - T3)

Wtotalac = Cp(TZaC + T4ac -1, — Ts)

, BTU
Wreotalge = (0'24lbm : R)

and
Wiotar = M Wtotal 4¢

Wiotas =p V' t Wtotal 4¢

W, o= (0 075 lbm) (400 SCFM) (113 82 BTU) L min o
total = \ "7 Fe3 "7 Ibm/ 60 sec
= 60.04 kW
In addition, the total power needed in hp per 100 SCFM is:
Wtotal = ;a
W 60.04kW 1 hp 2012 hp
total =™ 400 SCFM 0.746kw 100 SCFM

BTU
((301.89 + 32291 — 68 — 82.57)R) = 113.82——

lbm

Discussion: In this two-stage air compressor, the work needed to operate the intercooler

is not taken into account. Thus, the actual work needed to operate the entire system

should be higher.
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Closed System Air Compression Processes with P-V Diagrams

The above compression processes are representations of open system
compressions. However, one can also view the process from a closed system (constant
mass) stand point, where a mass of air at low pressure is trapped in a large volume V; that
is then decreased to a smaller volume V,, causing the pressure to rise. Therefore, for one
compression cycle in any stage of air compressor, the relationship between the pressure P
and the volume V within the compression stage can be described in the P — V diagram in
Figure 16.

P A

Pout

|4

Figure 16. P-V Diagram of One Compression Cycle

One compression cycle can be described in four steps, and they are:
1. Point a to point b, is when the air is drawn into the compression chamber. Here, the
air experience volumetric expansion while, the pressure of the air stays constant.
2. Point b to point c, is when the air compression occurs. The compression is an adiabatic

process, where no heat transfers happen in the system.
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3. Point ¢ to point d, is when an exit valve opens at point ¢ and the compressed air exits
through the valve.

4. Point d to point a, is when the compressed air left inside the compression chamber
expands adiabatically as the pressure decreases. The volume of the chamber at point
d, which is the point of maximum compression, is called the clearance volume, and is

usually given in percentage of the actual displacement volume.

Volumetric Efficiency

Another important parameter of an air compressor is a volumetric efficiency 7,,;.
Volumetric efficiency determines what the pressure will be at the exit of the compressor.
If there is a valve or other obstruction at the intake, the air pressure will be less than the
atmospheric pressure during the intake, which means that there are less air molecules than
there would be at atmospheric condition. The volumetric efficiency 7,,; can be described

as shown in Equations (41) and (42), where the subscripts a, b, c, and d refers to the points

in Figure 16.
oot = 0, (4)
(Vp — Va)
or
1
ot =1+ C =€ ()" (42)

where: * V,, V,,, and V, are the gas volumes [in?],
* P, and P, are the gas pressures [psia],

* Nyor 1S the volumetric efficiency [%], and
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« C is the clearance [%)].
The clearance C is the ratio of the volume in the compression chamber at the maximum
compression, which is called the clearance volume V;, and the actual displaced volume.

The clearance volume V,; can be calculated by using Equation (43).

Vo —Va “3)

Example Problem 1V.e: Volumetric Efficiency and Clearance

Objective: At a two-stage air compressor with 8% clearance C, and 1600 rpm piston
with a diameter D of 4 in, and a length L of 2.75 in has an exit pressure of 100 psig.
The system has adiabatic and isentropic compression processes. Solve for the piston
volumes from point a through point b for both inner and outer piston cylinders of the
low-pressure (LP), and the high-pressure (HP) stages. See Figure 16.
Assumption: The gas is an ideal gas.

The inlet condition of the gas is a standard condition.

The compression is an adiabatic and polytropic process.
Knowns: C =8% D=4in L=275in P, =100 psig
Find: « The piston volumes: V., Vi,,, Veys Vays Vays Voo Veys Va,, and

« the volumetric efficiency: 7,,4;,, and 7,4, (using two different methods).

Solution;
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| Air Compressor |

e —

Intercooler 2" Stage

) b=
e m—iro

e P, e P,=P e P;=P e P,
o T o T, o Ty o T,

km oM oM .m/

First, the intermediate pressure P; need to be calculated.

PI:\/P1'P4

P, = \/(14.7 psia) - ((100 + 14.7)psia) = 41.06 psia

Use a sub-subscript 1 for all variables from the 1% stage compression, and sub-
subscript 2 for all variables from the 2" stage compression.
Py =Py =Py,
P, =P, =Py, ,also
P, =F,,=Py,,and
P, =P, =Py,

The volume for all four points in the 1% stage compression.

Point b:
mD? L
Vbl = 4
7 (4in)%(2.75 in
Vp, = ( )4( )= 34.56 in3
Point c:
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1

14.7 psia \14
V., = (3456 in%) (m) — 16.59 in®
Point d:
1
P; \k
Vo, =V, —1>
aq dq <Pa1
1
Vo=V (41.06 psia)1.4
@17 741\ 14.7 psia
c=— 4
Vo, = Vay
le + CVa1 = C Vbl

8% (34.56 in3) .
Va, = =237in

1
41.06 psia\14
L+ 8%( 14.7 psia )

Point a:
1
_ (41.06 psia>1.4
@17 "1\ 14.7 psia
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1

41.06 psia\1.4
—p> = 4,94 in3

Va, = (237 in) ( 14.7 psia

The volume for all four points in the 2" stage compression.
Point b:

Vo, =Ve, = Va

2 1 1

Vp, = 16.59 in® —2.37in3 = 14.22 in3

Point c:
1
Py \k
Ve, =V, [ 52
=3
41.06 psi 14
_ .06 psia\14 _
= (14.22 in® (—) = 6. 3
Vep = 422000\ 1707 psia) = 68311
Point d:
cV,
Va, =———
Py \E
1+C(—2)
Py,
8% (14.22 in3) .
Va, = — = 0.98in
114.7 psia\14
1+8% (7755 psia)
Point a:
1
P, )k
Ve, =Vy, [ =2
ay dz <Pa2
1
V.. = (0.98 in®) (114.7 psia)1.4 203 in3
az = WP\ 11.06 psia) i

Finally, the volumetric efficiency n,,,; for each stages can be calculated
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For the 1% stage, using method 1.

(Vb1 al)

T]voll (Vbl le)

_ (34.56in* —4.94in%) 92,039
wol1 = (3456 in3 — 237 m3) o

For the 1% stage, using method 2.

1

P
nvoll=1+C—C<P€71)
1

41.06 psia
14.7 psia

L

4
NMyot; = 1+ 8% — 8%( ) = 91.34%

For the 2" stage, using method 1.

Nyoly =

_ (14.221in* —2.03in%) 92.65%
Mol = (1222 in® — 098 in3) -7

For the 2" stage, using method 2.

P
nvolz=1+6—6(;72)
2

114.7 psia
41.06 psia

1

4
Moot, = 1+ 8% — 8%( ) = 91.34%

Discussion: In this two-stage air compressor, the volumetric efficiency is high because

the volume difference between state a, and b, is almost as big as the volume difference

between state d; and b;. The volume at the state ¢, and d; is very close to the volume

at the state b, and a,, respectively. This is because most of the air from the LP chamber
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transfers to the HP chamber. Decreasing the clearance would also increase the
volumetric efficiency. Moreover, all of the volumetric efficiencies are similar, and in
fact, they should be the same because the volume flow rates and the clearances are the
same for the two stages. The ratio of pressures are also the same for both the 1% stage

(LP) and the 2" stage (HP) chambers.
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CHAPTER YV

COMPRESSED AIR COOLERS MODEL AND ANALYSIS

Background

In a two-stage compressed air system, there are two units of compressed air
coolers, the intercooler and the aftercooler. Both the intercooler and the aftercoolers
follows the same working principle. The difference is that in intercooler, no condensation
should ever occur because it may damage the air compressor. However, the aftercooler
can be equipped with separator, traps, and drains which can remove any condensed
humidity out from flowing further inside the compressed air system. Therefore, it is fine
to have condensation forming inside the aftercooler, and in fact, typical aftercooler can
produce from 30 gallons to 300 gallons of water per day, depending on the system
pressure, and the air supply’s temperature and relative humidity. Then, Figure 17 below

describes a compressed air cooler with some key parameters.

Coolant in
o Temperature Teyo;,
o Mass flow rate o0,

— Outlet
e Pressure P,,;
Inlet Compressed Air Cooler o Temperature Ty, ,
e Pressure P, o Relative humidity ¢ o Mass flow rate 1,
o Temperature Ty, e Condensation Vg e Humidity ratio w,
o Mass flow rate 7, |
o Humidity ratio w;, jjj —

e

Heat Transfer In _Heat Transfer Out
Qin - Qout
Coolant out
o Temperature Teoo;,,,,
o Mass flow rate m 0,

Figure 17. Compressed Air System Cooler Schematic and Process
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Some assumptions that can be made for this component is listed as follows:
1. The compressed air follows the ideal gas law,
2. Constant relative humidity and mass flow rate at intercooler,
3. There are no changes in both kinetic energy and potential energy, and
4. Steady state process.
Lastly, the discussion of the MATLAB codes for calculations related to this
chapter can be found in the APPENDIX D. The example problems that will be discussed

in this chapter will also be covered in the APPENDIX D.

Heat and Mass Transfer Rate
To analyze the heat and mass transfer rate of the cooling system, the general energy
rate balance for closed system in Equation (44), which is a derivation from the steady-

state energy rate balance in Equation (28), should be the starting point.

dE . .

where: * Z—f is the energy transfer rate [%],

« ( is the heat transfer rate [%], and

« W is the work transfer rate [BZ—TU].

As the cooling system is a steady state system, and there is no work transfer applied on
the system, the ‘Zi—f and Y W should equal to zero. Moreover, since the cooling system

consists of two different flows which keep exchanging heat, the heat transfer rate from the
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compressed air flow Q;, should equal to the heat transfer rate into the coolant flow Q.

Thus, Equation (44) can be written as Equations (45) and (46) below.

0= (Qcool - Qair) -0, (45)

or

Qair = Qcool ) (46)
. . BTU
where: ¢ Q.,,; IS the coolant heat transfer rate [?], and

« Qir is the compressed air heat transfer rate [BhT—rU]_

Now, there are two types of heat transfer process: the sensible heat transfer, and
the latent heat transfer. In the cooling process, where condensation may occur, both heat
transfer process may also occur, such that the compressed air heat transfer rate Q;, can

be written as in Equation (47) below.

Qair = QS + QL ’ 47
where: « Q; is the sensible heat transfer rate [%], and

« Q, is the latent heat transfer rate [%].

First, in the sensible heat transfer, there will be no change of material phase,
meaning that the gas will remain as gas with no condensation occurring. The sensible heat
transfer rate Q at each coolers is related to the compressed air mass flow rate ri,;,-, which
is described in Equation (18), the gas heat capacity C,,, and the compressed air temperature

difference AT,;, as shown in Equation (48) below.
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QS = Mgir Cp ATy, (48)

. . . lbm
where: « m,;, is the compressed air mass flow rate [E]’

ETU ], and
Ibm'R"’

* C, is the heat capacity [

* AT,;, is the compressed air temperature difference (decrease) [°F].
Using Equation (20), the compressed air mass flow rate m ;- can also be written

as Equation (49) below.

ey = Mg + 1y, = My + 0 1y = (14 0) My, (49)
where: » w is the gas humidity ratio [unitless],

* m, is the dry air mass flow rate [Z’TTZ], and

.. Ib
* m,, is the water vapor mass flow rate [ﬁ].

Second, in the latent heat transfer, there will be a change of phase while the
temperature remains the same. Therefore, the latent heat transfer is independent of the
fluid temperature. Moreover, the latent heat transfer only occurs when the gas temperature
reached its dew point, or in other words, it occurs when the gas relative humidity ¢
becomes 100%. The latent heat transfer rate Q, at the aftercooler is related to the
condensation generated mass flow rate m,,,4, Which is described in Equation (20), and

the water vapor latent heat of condensation L. as shown in Equation (50) below.

QL = Mcona Le » (50)

. . . b
where: ¢ 111.,,,4 IS the condensation generated mass flow rate [ﬁ], and
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* L. Is the water vapor latent heat of condensation [%].

The water (condensation generated) latent heat of condensation L, is a constant equals to

970.4 1Y,
lbm

Next, the coolant mass flow rate would have a heat transfer rate Q,,; that should
be equal to the total heat transfer rate Q,;, of the compressed air, as the energy is
conserved. Also, the coolant heat transfer would be a sensible heat transfer since there
should not be any matter phase change. If the coolant is water, the increase in temperature
normally would not be high enough to evaporate the water, and if the coolant is outdoor
air, any increase in temperature will not change its phase. Therefore, the coolant heat

transfer rate Q,,; can be described by using Equation (51).
Qcool = Meool Cpcool AT¢o01 5 (51)
. . BTU
where: * Q.,,; 1S the coolant heat transfer rate [7],

' i Ib
* M0, IS the coolant mass flow rate [g],

BTU
], and
Ilbm'R

*Cpoor 1S the coolant heat capacity [

* AT,,,; is the temperature difference (increase) [°F].
Intercooler

In the intercooler, the heat transfer or heat rejection process that occurs is only the

sensible heat transfer, since there should not be any condensation in the two-stage air
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compressor package. Therefore, the latent heat transfer rate Q,, is equal to zero and the
compressed air heat transfer rate is equal to the sensible heat transfer rate Q.

In addition, the intercooler is rated in its effectiveness &, which is a measure of
how much the intercooler able to decrease the compressed air temperature in respect of
the coolant inlet temperature. The intercooler effectiveness ¢ is described in Equation (52)
below.

Ti - Tout

Ti - Tcoolin ' (52)

where: ¢ ¢ is the intercooler effectiveness [%],

* T;,, is the compressed air inlet temperature [°F],

* T,.: 1S the compressed air outlet temperature [°F], and

* Teoo1;,, 1S the coolant inlet temperature [°F].

In the aftercooler, where condensation may occurs, the heat transfer or heat
rejection process may include both the sensible and the latent heat transfer. Therefore, the
compressed air heat transfer rate is equal to the sum of the sensible heat transfer rate Qg
and the latent heat transfer rate Q, as shown in Equation (47).

Figure 18 below shows the phase transition of both the compressed air and the

coolant air inside the intercooler.
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A Qair |= QS A
Tair T T Tcool

airin

Q5.

\ \ Tcoolout

Cooy

Tairgut

T,

coolin

T

Qcoal

Figure 18. Phase Transition Diagram (Intercooler)

There is no phase transition for the compressed air inside the intercooler because
any condensation that occurs would damage the air compressor system. Moreover, the
coolant normally will not experience any phase transition. In case where the coolant used
is water, the increase in its temperature will not be high enough to evaporate it. In other
case where the coolant used is outdoor air, any increase in its temperature will not change
its phase. Also, the slope of the line in the diagram is determined by the product of the

fluid mass flow rate m and its heat capacity C,,.

Example Problem V.a: Intercooler Effectiveness

BTU 0 . R o
lbm-R) at 0% relative humidity and 250°F

Objective: Air (the heat capacity is 0.240

passes through an intercooler with effectiveness of 80%. If the coolant enters the
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intercooler at 70°F, solve for the exit temperature of the compressed air. If the air relative
humidity is not 0%, solve for the maximum relative humidity.
Assumption: The gas is an ideal gas.

The gas is dry air.

No condensation occurs.

. _ BTU _ _
Knowns:  Cp = 0.240 —— » =0% £ =80%
T;, = 250°F Teootyy, = 70°F
Find: * The exit temperature of the compressed air T,,,;, and

* the maximum allowable relative humidity ¢4

Solution:
Coolant in
d Tcualin
d mcaolin
Outlet
| > o ?mlu
Inter Cooler Jrout
m,
InI;t R : waut
* P, . and =0 . out
Y=
® Myn
W
Qin = Qout
Coolant out

o T

cooloyt

o mcaolout

The equation to calculate the exit temperature of the compressed air T,,,; can be
derived from Equation (52).

Ti - Tout
E=gF
Tin - Tcoolin

Tout =Tin — € (Tin - Tcoolin)
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T,y = 250°F — 80% (250°F — 70°F) = 106°F
The maximum allowable relative humidity ¢,,,, can be calculated using
Equation (23) when the dew point temperature Ty,,, is equal to the exit temperature T,,,;,

and the temperature T is the inlet temperature T;,,.

17.6(T gew — 32) , 17.6(T — 32)
(pze( Taew + 405 T+405 )

17.6(Toyt — 32) | 17.6(Tjp — 32)
Omax = € Tout +405 Tin + 405

)

17.6(106°F — 32) | 17.6(250°F — 32))
Pmax = €' 106F + 405 250°F + 405 ’ = 3.65%

Discussion: In the intercooler where condensation is undesirable, keeping the cooled
air above its dew point temperature is important. One way is to decrease the intercooler

effectiveness so that the compressed air will not be cooled down too much.

Aftercooler

In the aftercooler, where condensation may occurs, the heat transfer or heat
rejection process may include both the sensible and the latent heat transfer. Therefore, the
compressed air heat transfer rate is equal to the sum of the sensible heat transfer rate Qg
and the latent heat transfer rate Q, as shown in Equation (47).

Figure 19 below shows the phase transition of both the compressed air and the

coolant air inside the aftercooler.
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Figure 19. Phase Transition Diagram (Aftercooler)

The condensation starts when the temperature of the compressed air reaches its
dew point temperature T,,,,. As a fraction of the water vapor contained in the compressed

air condenses, the mass of the compressed air decreases.

Example Problem V.b: Condensation Generated

BTU 0 . HH o
lbm-R) at 10% relative humidity and 250°F

Objective: Air (the heat capacity is 0.240

enters an air compressor that is rated at 1600 SCFM, and 125 psig. Then the
compressed air exits the air compressor, passes through an aftercooler, and exits at
100°F. Inside the coolers, the 25 gpm water coolant enters at 70°F and exits at 120°F.
Solve for the mass flow rate of the condensation generated.

Assumption: The gas is an ideal gas.

BTU
Ibm'R

Knowns: €, = 0.240 o =10%
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Tairy, = 250°F Tair gy, = 100°F

Find:  The mass flow rate of the condensation generated 11.,,,4-
Solution:
Coolant in
b Tcoolm
b mcoulm
Outlet
* Pou
| m— . T
Inlet I.nter Cooler o Tgy
o P, 4 ® Wout
° Vcnnd |
Y=
e My,
1
Qin = Qout
Coolant out
o T

cooloyt

o mcoolout

First, the dew point temperature T,,,, of the compressed air need to be found to

determine whether the condensation will occur or not. Using Equation (21)

17.6(Tyr, — 32)
Toiry, + 205+ 10(¢)
17.6(Tar,, — 32)

564 + 405 <

Tdew -

17.6(250°F — 32)
564+405< e SoF 405 +ln(10%))

17.6(250°F — 32)
176 - ( ZSOQF + 405 + 1n(10%)>

Since the T, is less than T,,,,, condensation will occur.

Tdew -

= 142.67°F

Next, from the general energy rate balance for closed system in Equation (44), the
heat transfer rate for both coolant and the compressed air can be observed.

dE
dt_Q
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Qair = Qcooz

QS + QL = Qcool
The sensible heat transfer rate Qg has to be divided into two parts. The first one is before
the temperature reached the dew point temperature Qsl, and the second one if for after
the temperature reached the dew point temperature QSZ. Therefore,

Qsl + Qsz + Q1 = Qcool

(110) Cp ATar, + (1 = Titcona) Cp ATair, + Meona Le = Meoot Cp., ) ATeoor

(it + 111,) Cp AT iy + 1itcona ( Le = Cp ATair,) = Titcoot Cp,, , ATeoor

(ma +w ma) Cp ATair + mcond (Lc - Cp ATairz) = mcool Cpcool ATcool

. (mcool Cpcool ATcool) - ((1 + 0)) ma Cp ATair)
Meona = (L

ATairz)

Then, the coolant mass flow rate i ., iS:

Mool = P 4

(624lbm> ’c 1 ft3 1 min _3481bm
Meoot = ft3 gpm 7.48gal 60 sec) ~ sec

Then, the compressed air mass flow rate m,, is:

—pV

Ibm ft3 1 min Ibm
(0 075 —) 1600 ————| = 2.00—
ft3 min 60 sec

Then, the humidity ratio w is:

0.622 ¢ P,
pP— @ va
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Where the water vapor saturation partial pressure B, found from Table 4 is
29.844 psia, therefore,

0.622 (10%)(29.844 psia)

w = = 0.0136
((125 + 14.7)psia — (10%)(29.844 psia))

Thus, mass flow rate of the condensation generated .., Will be:

(mcool Cpcool ATcool) - ((1 + “)) ma Cp ATair)
(Le — Cp ATgr,)

Meonda =

Where

_ Ibm BTU
Meoot Cp ., ATeoot = (3.48 E) (0.446 ) ((120 — 70)R)

Ilbm-R
BTU
=77.51—,
sec
(1 + w) m, C, AT,;, = (1 +.0136) <zolbm) (0 24 5TU )((250 100)R)
@) Ma Lp Blair = ' “sec/\" T lbm-R
BTU
= 72.98—,
sec
and
(L. —C, AT, )—(9704BTU> (0 240 BTU )((142 67 — 100)R)
¢ tpTiairz) T " Ibm “lbm-R '
= 960.16 51U
T Ibm
Thus,
(77.513 ﬂ) — (72,978 @) sec Ibm
. _ sec sec _
Meona = BTU . 3600? =17 W
(960.159W)
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Discussion: The cooling process in the aftercooler will produce condensation.
Therefore, proper trap and drainage system need to be equipped into the aftercooler to
remove the condensed moisture. The phase transition diagram for this problem can be

seen below, where the temperature T unit is the degree Fahrenheit °F, the heat transfer

rate Q unit is the British thermal unit per second %, and the mass flow rate 1 unit is

lbm
the pound mass per second o
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CHAPTER VI

COMPRESSED AIR RECEIVERS AND STORAGE MODEL AND ANALYSIS

Background
The purpose of the compressed air receiver or storage is to store and deliver a
specified pressure P over a specified time period t. Some assumptions that can be made
for this component is listed as follows:
1. The compressed air follows the ideal gas law, and
2. The receiver volume V, temperature T, inlet mass flow rate m;,,, and exit mass flow
rate m,, are constants.

A simple diagram of the receiver or storage tank is shown in Figure 20 below.

= ><= = ><=
Receiver or

From Air Compressor: Storage Tank To Air Tools:
o Flow Rate (SCFM) Volume V o Flow Rate (SCFM)
o Pressure (psig) e Pressure (psig)

Figure 20. Compressed Air System Receiver Schematic and Process
There are three different cases where the receiver can work. The first one is called
the charging condition; it is a condition when there is a constant mass flow rate into the
receiver, and zero mass flow rate out from the receiver. The second case is called the
discharging condition; it is a condition when there is zero mass flow rate into the receiver,
and a constant mass flow rate out from the receiver, which is the opposite of the charging

condition. The third case is the condition where the charging and the discharging happen
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simultaneously, meaning that there is a constant mass flow rate into the receiver, and a
constant mass flow rate out from the receiver.

Lastly, the discussion of the MATLAB codes for calculations related to this
chapter can be found in the APPENDIX E. The example problems that will be discussed

in this chapter will also be covered in the APPENDIX E.

Receiver Volume
To analyze the volume and mass of the receiver, the conservation of mass in

Equation (53) should be the starting point.

dm . .
E = Min — Moyt (53)
. _ Ib
where: « d': is the receiver mass change rate [ﬁ]’

. : Ib
« m; is the inlet mass transfer rate [ﬁ], and

* m, IS the outlet mass transfer rate [lstT]'

Then, integrating Equation (53) above will render Equation (54) below that shows the

change of receiver mass Am over a period of time t.

Am = (M, — Moye) €, (54)
where: « Am is the change of receiver mass [lbm], and

* t is the time period [sec].
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Substituting Equation (19) into Equation (54) above will shows the relationship between
the change of receiver mass and both the inlet and the outlet volume flow rates and density

as shown below in Equation (55).

Am = P (Vin - Vout) t, (55)

where: « p is the compressed air density [I:TT],

. . .. 3
* V;,, is the compressed air inlet volume flow rate [%], and

. . . ¢3
* V,.: 1S the compressed air outlet volume flow rate [f—].
sec

The change of receiver mass can also be described as the difference between the receiver

final mass, and the receiver initial mass as shown in Equations (56), (57), and (58) below.

Am =my —my (56)
in which
P,V
m; = _T ’ (57)
and
PV
my =pr (58)

where: » m; is the initial compressed air mass [[bm],
« my is the final compressed air mass [lbm],
* P; is the initial compressed air pressure [psia],
* Pr is the final compressed air pressure [psia],
« V is the compressed air volume [ft3 or gallon],
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* R is the ideal gas constant [M], and
Ilbm-R
« T is the receiver temperature [°F].
Thus, combining Equations (55), (56), (57), and (58) will result in Equations (59), (60),

or (61) below.

. . Pr—P)V
p (Vo)1 = Y ©
p (Vin - Vout) tRT
V= ,
P, — P, (60)
or
Vin = Voue ) tRT
Pf — Pi +p( in Vout) ' (61)

Receiver Charging

The first working scenario of a receiver is when there is only a constant inlet
volume flow rate V;,, and zero outlet volume flow rate V,,,,.. Such process is called the

receiver charging process.

Example Problem VI1.a: Receiver Charging

Objective: Solve for the time required to fully charge a partially filled 200 gallon

receiver at temperature of 70°F that is being supplied by a system that delivers
300 SCFM of compressed dry air with density of 0.075% at 150 psig. The initial

pressure of the receiver is 100 psig.

Assumption: The gas is an ideal gas.
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The gas is dry air.
The temperature is constant.
The inlet mass flow rate is constant.

The exit mass flow rate is zero.

Knowns:  V = 200 gallon T = 70°F Vi, = 300 SCFM
. , lbm
P; = 100 psig Pr =150 psig p= 0.075f?
Find: * The time t required to fully charge the receiver.
Solution:
I—V >< = Receiver or — >< - |
] Storage Tank
From Air Compressor: vV To Air Tools:
° Vin T . I./out = 0
AP = 120 psia

Deriving the conservation of mass in Equation (53) renders Equation (60) which
can be used to calculate the volume V/, as well as the time ¢.

dm ) .
E = Mip — Myye
meg—m; =p (Vin - Vout) t

(Pr=P)V

RT =p (Vin - Vout) t

Such that the volume V and the time t can be expressed as the two equations below.

_ P (Vin - I‘/oul:) tRT
B P, —P;

|4

V(P —P)
P (Vin - I‘/oul:) Ra T

t =
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Therefore, the time t required to fully charge the receiver is:

o7 (P —P1)
p (Vin—0) R, T
1 ft3 Ibf Ibf in?
t= = 18.2 sec
Ibm ft3 1 min Ibf - ft
(0.075 f?) (300 i m§> (53.33 2L R) (529.67 R)

Discussion: A 300 SCFM air compressor takes about 18 seconds to fully fill a

200 gallon receiver or storage tank.

Receiver Discharging

The second working scenario of a receiver is when there is zero constant inlet
volume flow rate V;,,, and only a constant outlet volume flow rate V,,,.. Such process is

called the receiver discharging process.

Example Problem VI1.b: Receiver Discharging

Objective:  Solve for the size or the volume of the receiver needed to deliver air at a
pressure of at least 100 psig over 20 seconds period, if it starts delivering air at

120 psig, and is supplied by a system that delivers 300 SCFM of compressed dry air
with density of 0.075 I:Tr: at 120 psig. The receiver temperature is constant at 70°F.
Assumption: The gas is an ideal gas.

The gas is dry air.

The temperature is constant.
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The inlet mass flow rate is zero.

The exit mass flow rate is constant.

Knowns: t = 20 seconds T = 70°F Vour = 300 SCFM
. . lbm
P; = 120 psig Pr =100 psig p= 0.075f?
Find: * The volume V of the receiver, and

« the initial and final mass (m; and my) of the air inside the receiver.

Solution:
I — >< = Receiver or — >< —p |
. Storage Tank
From Air Compressor: 174 To Air Tools:
° Vin =0 T ° Vout
AP = 20 psia

Deriving the conservation of mass in Equation (53) renders Equation (60) which

can be used to calculate the volume V.

Pr—P;)V . .
%=p(vin_vout)t

Such that the volume V can be expressed as the equation below.

_ p (Vin - Vout) tRT
a P —P;

|4

Therefore, the volume V of the receiver is:
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Ilbm ft -1 min Ibf - ft

lbf in?
((100 — 120) - 144 ft2>

= 73.4 ft3 = 549 gallons

Moreover, the initial and final mass of the compressed air inside the receiver are:

_ PV
™ERT
((120 + 14. 7) lbf 144W) (73.4 ft3)
(53.33 B R) (70 + 459.67R)
and
PV
T ERLT
((100 + 14. 7) lbf - 144 ft2> (73.4 ft3)
my = Ibf - ft = 43.0 lbm
(53 337} ) (70 + 459.67R)

Discussion: The mass of the compressed air inside the receiver should be greater

initially. The change of mass depends on the change in pressure.

Example Problem VI.c: Combination

Objective: Solve for the time that the air compressor need to fully recharge an

operating 200 gallon receiver at temperature of 70°F, if the air compressor delivers

100 SCFM of compressed dry air with density of 0.075% at 130 psig, and the
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receiver supplies 30 SCFM of compressed dry air to the equipment at pressure of at least
110 psig. The recharging happens when the receiver pressure reaches 110 psig.
Assumption: The gas is an ideal gas.

The gas is dry air.

The temperature is constant.

The inlet mass flow rate is constant.

The exit mass flow rate is constant.

Knowns: V =200 gallon T = 70°F p= 0_0751:77131

P; = 110 psig Pr = 130 psig

V., = 100 SCFM  V,,, = 30 SCFM

Find: « The time t required to fully charge the receiver.
Solution:
I — >< = Receiver or o >< —p |
] Storage Tank
From Air Compressor: 17 To Air Tools:
* Vi T b Vout
AP = 20 psia

Deriving the conservation of mass in Equation (53) renders Equation (60) which

can be used to calculate the volume V, as well as the time ¢.
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Such that the volume V and the time t can be expressed as the two equations below.

— p (Vin B I./out) tRT

4
P — P,

o7 (P —P)
p (Vin - I70ut) Ra T

Therefore, the time t required to fully charge the receiver is:

L fe
7.48 gal

3 i .
(0.075 l;’T’?) ((100 — 30) % : %%) (53.33 ﬁzfn—_];g) (529.67R)

fa2
(200 gal - ) ((130 - 110)%- 144 %)

t =

= 31.2 seconds
Discussion: A greater volume takes longer to recharge because the change of mass has
to be greater. The time to recharge to receiver would also be greater when using the

compressed air tools because the compressed air is being drawn out simultaneously.
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CHAPTER VII

PIPING MODEL AND ANALYSIS

Background

In a compressed air system, piping is an important component because it connects
all of the components together and thus may highly affect the fluid that flows through it.
When the fluid or gas flows through the pipe, the inner surface of the pipe plays a huge
role on how much the gas pressure may drop due to the friction. A diagram in Figure 21

below describes the fluid flow inside the pipe.

S
Pressure in—} ® Density p

& I Flowing Fluid e Temperature T'

I [4— Pressure exit
|
Diameter D I =P o Velocity 7 [
|

Fe

v (T A gt e LA g _Friction

Length L

Figure 21. Pipe with Flowing Fluid Diagram

Pressure Gradient and Pressure Drop
The pressure gradient Z—z is a physical quantity that describes the rate of change of

pressure across particular length. It is an important quantity to analyze the amount of

pressure drop within a particular location, and is described in Equation (62).

dP pV?f
dx 2D '’ (¢
. ap . . psi
where; -1 the pressure gradient [1000 ft],

99



* p is the compressed air density [I;’TT :

« V/ is the compressed air flow velocity [S%],

* f is the inner surface friction factor of the pipe [unitless], and

* D is the inner diameter of the pipe [in].

For normal industrial piping, the typical values for air flow velocity is around 20% to

30 % From Equation (62), the formula to calculate the pressure difference or pressure

drop AP across a specific length L can be derived into Equations (63) and (64).

AP pVZ2f
thus
V2 fL
APzng , (64)

where: « AP is the pressure drop [psia], and

* L is the length [ft].

Friction Factor and Reynold’s Number
Next, the friction factor f can be calculated by using the Re, the pipe inner

diameter D, and the surface roughness e as shown in Equation (65) below.

1.325

(355 + 225 )

where: ¢ € is the pipe inner surface roughness [in], and

f=

* Re is the Reynold’s number [unitless].
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Equation (65) only works for a turbulent flow where 3000 < Re < 108, and relative pipe
roughness within the range of 1076 < % < 1072. Moreover, for smooth pipe, the friction

factor can be calculated by using Equation (66) for Re < 50,000, and Equation (67) for

Re > 50,000 as well.

0.316

f= Re025 (66)
and
0.184
= Re02 (67)

For laminar flow where, the Reynold’s number is equal to or less than 2100, the friction

factor follows Equation (68).

64
f= Re (68)

The list of surface roughness for a number of different materials can be found by using

Moody diagram as shown in Figure 22 below.
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0.1
0.09

0.07
0.06

0.05

0.04

0.03

0.02

Friction Factor

0.015

0.01

below.

0.08 [

64
Re

Laminar Flow| ! @ !

dig earyerpy

Material

i | Concrete, coarse

|| Concrete, new smooth
|| Drawn tubing

| | Glass,Plastic,Perspex
Iron, cast

Sewers.old

| Steel, mortar lined

i | Steel, rusted

\"| Steel, structural or forged
.| Water mains, old

1.0 it [ Friction Factor = 2% AP |---b-. it i LA Sk
Lo 1‘ ' AV ' |Smooth Pipe | ! N 1076

10°

4 5 6

v ‘ 7 8
10 10° 10 10 10

Reynolds Number, Re = %

Figure 22. Moody Diagram [5]

Then, the formula to calculate the Reynold’s number is shown in Equation (69)

Re = ——, (69)

The gas dynamic viscosity can be found by using Equation (70) below.

where: « u is the gas dynamic viscosity [

* U, is the gas reference viscosity [

0.555 Ty + Cs / T\**
U= MU ( ) )

0.555T + Cg \T,

T (70

Ibf-s
ftz]

1

Ibf"s
ft?

* T is the gas temperature [R],

* T, Is the gas reference temperature [R], and
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* Cs is the Sutherland's constant for the gas [unitless].

For air with the Sutherland's constant Cs of 120, the reference viscosity and the reference

Ibf-s
ft2’

temperature are 3.816 - 1077 and 524.07 R, or 65.4°F respectively.

Example Problem VIl.a: Friction Factor and Pressure Drop

Objective: For a 20 % velocity in a 3 inch diameter of 110 psig compressed air
distribution piping system with a smooth pipe, solve for the Reynold’s number Re of the

flowing compressed air, the friction factor f of the pipe, and the pressure gradient Z—Z (in

pSi
1000 ft

) and the pressure drop in a 2000 ft length.

Assumption: The gas is an ideal gas.
The temperature of the air equals to the temperature of the outside air.

The outside air is in standard condition.
Knowns: V = 20% D =3inch L =2000/ft P=110psig
Find: * The Reynold’s number Re of the air,

« the friction factor f of the pipe,

« the pressure gradient Z—z, and

* the pressure drop AP.

Solution:
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v e S S o I _Friction

From Equation (7), the density p of the air inside the pipe can be determined.

-1

V. RT
‘U:p = = —

m P

P
RT =—
p

Since R is constant, and T = T4, therefore:

RT,y=RT
Pstd — E
Pstd p
Pstd
p=P
Pstd
01075¥¥§) Ibm
= ((110 + 14.7 ja) ———— = 0.636 —
p=« + Jpsia) (14.7 psia) ft3

The Reynold’s number Re of the flowing compressed air is:

VD
Re = i
U
bm\ (o fE\ (.. 1 ft
e__(3816-10-7lbf's-3zzlb"1'ft)__ |
' ftz 24 CTpF sz

The Reynold’s number shows that the flow is a turbulent flow since Re = 3000.
Then, the friction factor f can be calculated as well as shown below.
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0.184
~ Re%2

0.184

= 258.89102 = 0.0152

Then, if at the same compressed air distribution piping system, the pressure

. dpP ,. psi . .
gradient — (in m) and the pressure drop AP ina 2000 ft length would be:
dP _pV*f
dx 2D
lbm ft\?
dx 1 ft 32.21bm- ft
Ibf 1 ft?
ap = 0.240 W 1000 m% = 1.668 ps!
dx 7 ft 1000 — 771000 ft
and
pV2fL
AP =
2D
AP = dPL
Cdx
AP =1 668p—5i-2000 ft =3.337 psia
%7000 ft 32/ P

Which means that the pressure drop is about 2.68% of the initial pressure.

ap 100% = 3-337 psia 100% = 2.68%
P ° 7 ((110 + 14.7)psia) 0T amu

Discussion: There is another way to find the Reynold’s number, which is to use the

Moody Diagram, which is shown in Figure 22. From the Moody Diagram or the equation
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for the friction factor, it can be seen that for greater values of Reynold’s number, the
friction factor is smaller. In other words, if the air density and velocity, and the pipe
diameter increase, the friction factor will decrease, which makes sense because the

viscosity is the internal friction of a fluid.
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CHAPTER VI

FLOW REGULATORS MODEL AND ANALYSIS

Background

A regulator supplies air to a compressed air tools by dropping the system pressure
P;,,; down to the tools required inlet pressure Py,,,;. Generally, the tools volume flow rate
V,001 1S given in a standard condition unit, therefore, a conversion to a system condition is
needed to find the system volume flow rate V. Equation (71) below shows how the

conversion works.

Patm

Prys (1)

A simple diagram describing the regulator component is shown in Figure 23 below.

V= I./tool

Regulator

P, P
R4 Iszstem — —) ToolsIVt"‘”
Vsys

tool

Figure 23. Compressed Air System Pipe — Regulator Schematic and Process

Equivalent Length and Loss Coefficient
The diameter D of the pipe size to the regulator can be found by using the
relationship between the volume flow rate, pipe diameter, and the flow velocity as shown

in the following Equation (72).

D = -, (72)

where: ¢ D is the pipe diameter [in],
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. 3
* V is the gas volume flow rate [% or CFM], and

« V is the gas flow velocitty [S’;—i].

Furthermore, the equivalent length L., of the regulator can be found by using
Equation (63), where the L., is the same as the L, and AP is the pressure difference
between the system pressure and the tools required inlet pressure. With that said, the
Reynold’s number and the friction factor f should also be calculated. With all the obtained

values, a loss coefficient K; can also be found by using Equation (73).

fLe
K== (73)

where: « K; is the loss coefficient [unitless],
* f is the friction factor [unitless], and
* L¢q is the equivalent length [ft].
Some well-known values of typical loss coefficient K; for common hardware in a
compressed air piping system are as follows:
a. Regular 90°, flanged elbow: K, =0.3
b. Branched flow, flanged tee: K, =1.0

c. Gate valve, fully open: K, = 0.15

Example Problem VIll.a: Pipe Diameter and Loss Coefficient

Objective: Solve for the pipe diameter D going to the regulator that supplies
compressed air into a 50 SCFM air tool by dropping the 120 psig system pressure down

to 80 psig air tool inlet pressure.
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Assumption: The gas is an ideal gas.
The pipe inner surface is smooth.
The temperature of the air equals to the temperature of the outside air.
The outside air or the tool’s outlet condition is in standard condition.
Knowns:  V,,o; = 50 SCFM  P,,;,, = 80 psig Psys = 120 psig
Find: * The pipe diameter D going to the regulator, and

» the loos coefficient K;, of the regulator.

Solution:
| Pipe |
V U
P, —1 op l[E P
I Flowing Fluid e T |
D | — I
| I
v A _Friction

From Equation (7), the volume flow rate I'/Sys of the air inside the pipe can be

determined.
_ _l_V_RT
VEP T LTTP
VP=mRT

Since m, and R are constant, and T = Ts;q = To01, therefore:
MR Tgyg = MR Ty
Vsys Psys = Vioot Proot

Vsys _ Ptool

Vtool Psys
Also, the ratio of the volume should equal to the ratio of the volume flow rate, therefore:
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Vsys Vsys _ Ptool

Vtool Vtool Psys

g Ptool
Vs = Vipor 22
Sys tool Psys

14.7 psia _ca6 ft3
((120 + 14.7)psia) ~  min

Viys = (50 SCFM)

Therefore, the pipe diameter D can be calculates as:

4V
D = —
TV
t3
4 (5.46f—.) .
m
D= M) 12 = 0.746 in

It ﬂ) ft
7T(gosec 60min

Note that the compressed air velocity used in the calculation above is 30%

which is the typical maximum air velocity. From Equation (7), the density p of the air

inside the pipe can be determined.

-1

V. RT
U:p =" —

m P

P
RT =—
p

Since R is constant, and T = Tgq = Ttoor, therefore:
RTyys=RT

Pstd_P

Pstd p
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lbm
(o 075 3) b
ft = 0.687 —

p = ({120 + 14.7)psia) (47 psia) Ft3

Then the loss coefficient K; can be calculated as follows: First calculate the

Reynold’s number Re:

7D
u
Ilbm ft .1 ft
. (0 687f?) (30?) (0.7461 & n) s
T (3816-10-7lbf's-szzlbm'ft> '
: Fiz 322 prsz

Then, find the friction factor f:

0.184
- Re0-2

0.184

= 10431002 = 0.0182

Next, the equivalent length L., can be calculated by using this equation:

AP pV*f
L 2D

2D AP

bea = L7
. 1 ft n?

2(0.746 in - (120 — 80)psia - 144 5% _
L ftz Ibm - ft
eq — 2 ' Ibf - s2

(o 687%)(30%) (0.0182) frs
= 20485 ft

Finally, the loss coefficient K; is:

111



f Leq
D

KL:

_ (0.0182)(2048.5 ft)

(0.746 in - ft)

12in
Discussion: To find the size of the pipe going to the regulator, the tools volume flow
rate has to be converted from the standard condition to a pressure of 120 psig. Then the
desired pressure drop can be determined as the difference between the system pressure
and the compressed air tool pressure. If the compressed air velocity or pressure were
decreased, the pipe diameter would have to be larger to handle the same flow rate. The

tube exiting the regulator also has to be larger since the pressure has to be reduced.
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CHAPTER IX

COMPRESSED AIR SYSTEM LEAKAGE MODEL AND ANALYSIS

Background

Leakage in an industrial compressed air system can significantly reduce the system
efficiency and at the end cost a lot of money. For a system with some leaks, the increase
in pressure discharge would increase both the mass flow rate and the volume flow rate.
However, it would not change the velocity of the air leaking out. Leakage could be
significantly reduced by using the necessary discharge pressure for the tools if not a little
higher. A diagram describing leakage from a component of a compressed air system is

shown below in Figure 24.

Inlet :' Receiver or ‘:" Outlet

Other Component
e Pressure P, b Leakage

e Temperature T, e Pressure P
Temperature T

[ ]
e Sonic velocity vy
¢ Volume flow rate V

Figure 24. Compressed Air System Leakage Diagram

In analyzing the leakage, an assumption that the leak or hole cause an isentropic
expansion, where the leaks are frictionless and there is no transfer of heat or of matter, is
made. Moreover, as the gas flow through a small area, its linear velocity must increase
until it reaches the speed of sound or sonic velocity v,. In addition, for a choked flow, the

ratio of the pressure and the temperature at the exit plane (P and T respectively) to the
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ones in the system or reservoir (P, and T, respectively) should follow Equations (74) and

(75).

P2 \Ea

=) )
and

7= (1) 5)

where: « P is the gas pressure at the exit plane [psia],
* P, is the gas pressure in the system [psia],
« T is the gas temperature at the exit plane [°F],
* T, is the gas temperature in the system [°F], and
* k is the gas heat capacity ratio [unitless].

In case where the fluid is dry air, the heat capacity ratio k should equal to 1.4, and therefore

~ = 0.528, and — = 0.833.

Py o
Sonic Velocity and Flow Rates

The compressed air that flows out through a small hole or leak would reach a
maximum velocity called the sonic velocity. The sonic velocity ¥, can be determined by

using the following Equation (76).

V; =VkRT, (76)

where: ¢ V; is the gas sonic velocity [S%], and

* R is the specific gas constant [%].
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Next, the leakage mass flow rate and volume flow rate can be calculated by using
Equations (18) and (17). However, for the volume flow rate, the unit that is normally used
is the standard cubic feet per minute (SCFM), thus a conversion as shown in Equation (77)

is needed.

) . p
V =V ,
Serm Pscrm (77)

where p is the gas density at the exit plane, and pgcrp 1S the gas density at standard

condition, which normally is equal to 0.075 l}%‘.

Example Problem 1X.a: Sonic Velocity and Flow Rates

Obijective: If there is a iinch leak hole at a receiver (the gas is dry air, so k is 1.4 )

where the component pressure P, and temperature T, are 100 psig and 80 °F
respectively, solve for the pressure P and the temperature T at the exit plane, the sonic
velocity v, and both the volume flow rate V and the mass flow rate 7 of the air leaking
out.

Assumption: The gas is an ideal gas.

Isentropic expansion through the leakage.
Knowns: D = iinch k=14 P, = 100 psig T, = 80 °F
Find: * The pressure P of the air at the exit plane,

» the temperature T of the air at the exit plane,

« the sonic velocity v of the air,

« the volume flow rate V of the air, and
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« the mass flow rate m of the air.
Solution:

The pressure P, and the temperature T of the air at the exit plane is:

P = 0.528
P_ .

0

P = 0.528 P,

P = 0.528((100 + 14.7)psia) = 60.56 psia

and

T 0.833
To
T =0.833 T,
T = 0.833(80 °F) = 66.64 °F
Next, the sonic velocity V; of the air leaking out is:
V.=kR,T
V= (14)(5333lbf'ft 3221bn1'ft>(66644-45967R)——1_1238 It
S ' “TIlbm-R "7 Ibf - s? ' ' T  sec

At the exit plane, the density p of the leaked gas would be:

_ P
P=R.T

. in?
(60.56 psia - 144 W) 0311 Ibm
p= Ibf - ft U
(53.33 m) (66.64 + 459.67R)

Then, both the volume flow rate V and the mass flow rate 7z would be:
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. omy/1 1 ft\2 t sec t3
V= —(— in- —L> (1,123.8f— - 60 m—) = 22.99f—,

4\4 12 in sec in min
or
) . P
Vscrm =V
Pscrm
lbm
. ft3 (0.311 f?>
Vscrmy = | 22.99 — =95.31SCFM
min (0 075”7—m>
. ft3
and
m=pV
_ Ibm ft3 Ibm
m = (0.311—) 2299 — | =7.148——
ft3 min min

Discussion: The compressed air that flows out through a small hole or leak would reach
a maximum velocity called the sonic velocity. In adiabatic condition, the compressed air
the point when the velocity of the air leaking out reaches sonic velocity is the point

where the choking occurs.
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CHAPTER X

COMPRESSED AIR TOOLS MODEL AND ANALYSIS

Background

There are many different kinds of compressed air tools, or pneumatic tools. They
consist of any equipment that is driven by compressed air. The compressed air can be
directly supplied by the compressed air system, or supplied from compressed air storage
tanks or cylinders. In general, it is important to know the required air pressure (psi or bar)
and air consumption (CFM or SCFM) to operate the tools. With these two values, the
compressed air system can be adjusted to supply the right amount of compressed air and

increase its efficiency.

Compressor Size
To calculate the size W of air compressor that is required to power a compressed

air tool, Equation (78) can be used.

W = W* I./tool (1 + %leak) ) (78)

where: « W is the power [hp or kW],

hp ]
100 SCFM~’

« W* is the consumption over a unit of flow rate [

* V,001 IS the air flow rate required [SCFM], and

* %;eak 1S the percentage of the leaks [%].
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Then, Equation (79) can be used to find the amount of energy or work W required to

operate the compressed air tool over a period of time t.

W =Wt + %rear) (79)
where: « W is the energy or work required [hp - hr or kW - hr], and
* t is the time period [hour or year].
Lastly, Equation (80) can be used to calculate the volume VV of compressed air that the tool

used over a period of time t.

V= I}'tool t (1 + %ear) (80)

where V is the gas volume [SCF].

Example Problem X.a: Compressor Size Reqguirement

Objective:  Atypical compressed air hand tool uses 25 SCFM of compressed air during
its operation. Solve for the size W of air compressor required to power 100 hand tools
if the air compressor consumes 20 hp for every 100 SCFM of air compressed. If the
tools is operated continuously for a year, solve for the energy or work W (in kW - hr)
required, as well as the volume of compressed air (in standard cubic feet or SCF) that is
used. Note that in this system, 30% of the total compressed air capacity is wasted by
leaks.

Assumption: The gas is an ideal gas.

Knowns: Vtool = 25SCFM W* =20 100};z:,“FM
t =1year Yorear = 30%
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Find: « The size or power W of air compressor required,
* the work W (in kW - hr) required, and

» the volume of compressed air (in SCF) used.

Tools
|WOutlet

Solution:

* Pou
* Tour

The size W of air compressor required for a single tool without the leak is:

W = W* Vtool (1 + %leak)

. hp
= _— [0) —
w (20 1OOSCFM) (25 SCFM)(1+0%) =5 hp

Then, the size W, , of air compressor required for 100 tools without the leak would be:
Wipo = 100 W
Wi0o = 100 (5 hp) = 500 hp

Then, the size of air compressor required for 100 tools with the leak would be:
W1oo+leak = Wigo (1 + %reqx)
Wi00 4 0 = (500 Ap) (1 + 30%) = 650 hp
The work W,y (in kW - hr) required is:
Wigo = Wigo t

kw

day hr
) (1 yr-365——- 24—) = 3,267,500 kW - hr
yr day

or
WlOO = 3.27 GW - hT
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Then, the work (in kW - hr) required with the leak would be:

W100+leak = W100+leak t

a

day hr )
yr day

kw
Wi00 4 1ear = (650 hp - 0.746 E) (1 yr - 365

= 4,247,700 kW - hr

or
Wioo, jpqe = 425 GW - hr
The volume V;,, of compressed air (in SCF) used is:
Vigo = 100 Vegor t (1 + Yosear)
Vioo = 100 (25 SCFM) (1 36522 20 M 6o mi") (1 + 0%)
yr day hr
= 1,314,000,000 SCF
or

Vioo = 1.31 billion SCF

Then, the volume Vi, Of compressed air (in SCF) used with the leak would be:
V1004101 = Voo (1 + %reqar)
V100, 1o = (1,314,000,000 SCF)(1 + 30%) = 1,708,200,000 SCF

or
V100, g = 1.71 billion SCF

Discussion: In designing or choosing a suitable air compressor to power some
compressed air tools and equipment, it is better to get an air compressor that is capable

of supply more power than what the tools actually need. The purpose is to anticipate any
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pressure drops that may happen as the compressed air is distributed to the compressed

air tools. Leakage is one example of the things that may cause the pressure drop.
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CHAPTER XI

COMPRESSED AIR SYSTEM ECONOMIC ANALYSIS

Background

Operating an industrial compressed air system is an expensive operation as it
consumes significant amounts of electricity. In fact, it is often called the 4™" utility, and of
all forms of utility, it is the largest in terms of cost. The distribution process of compressed
air also requires costly equipment. While maintaining compressed air components to
optimize the system efficiency can also be complicated and expensive. The annual
electricity charges for a compressed air system can be as expensive as the initial cost of
the air compressor itself. In addition, the annual maintenance costs can reach more than
10% of the initial cost of the system. Therefore, it is important to understand the annual

compressed air system costs, and how the system can be economically optimized.

Electricity Cost

Equation (81) can be used to calculate the electricity cost Cg over a period of time

Cy = : (81)
where: « Cg is the electricity cost [$],
« W is the power consumption of the air compressor [hp or kW],

* t is the time period [sec],

123



* cg IS the rate of the electricity [

$
kW-hr] , and

« 7 is the air compressor efficiency [%].

Example Problem Xl.a: Electricity Cost

Objective:  Solve for the annual electricity cost Cg for a 100 hp air compressor that

operates continuously. The efficiency n of the air compressor is assumed to be 80%.

$0.15

The rate of the electricity cg is .
kW-hr

Find the annual cost of operating the compressor,

along with the cost of leakage if 30% of the total compressed air capacity is wasted by
leakage.

Assumption: The gas is an ideal gas.

Knowns: W =100 hp n =380% t =1year
$0.15
Find: » The annual electricity cost G, and

« the annual cost of the leakage C$annl x
ea

Solution:

The annual electricity cost Cs _  is:

W t C$
C$ann = n

(o s 5 ) )
C$ann - 80%

= $122,530
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Then the annual cost of the leakage C$a7mleak Is:

— 0
C$ ann - C$ ann /0 leak
leak

v ($122,530)(30%) = $36,760

$annlea
Discussion: Typical 100 hp air compressor may cost around $30,000 to $50,000,
depending on the type of the compressor and manufacturer. This calculation shows how

the annual electricity cost can be higher than the cost of the air compressor itself.

125



CHAPTER XII

COMPRESSED AIR SYSTEM DESIGN AND ANALYSIS

Background

The characteristic of moist air, before and after compression, have been presented
in CHAPTER Il along with equations that govern these characteristics. Of equal
importance, the main components making up a compressed air system have been
described, and mathematically modeled in CHAPTER IV through CHAPTER X by using
conservation of mass and energy equations, along with other relationships from the fields
of thermodynamics, fluid dynamics, and heat transfer.

All of the equations, relationships, and mathematical models presented in the
above aforementioned chapters were used in a series of example problems imbedded in
each of the chapters. These example problems are important because they not only show
the usefulness of the equations presented, but they also show how units are manipulated
and converted for each parameters, including the dependent variable that is the subject of
each example problem calculations.

The mathematical models presented herein can be used for design and analysis of
any of the components that make up the overall compressed air system. This chapter
demonstrates using these models for design and analysis by introducing a series of plots
for moist air properties, and for each components comprising the overall system. The
organization herein consists of a series of sections with each section representing

CHAPTER Il through CHAPTER XI. Additionally, each section, which is titled after
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each chapter of interest, contains the same information for moist air and each components,
with their information being grouped under the following organization:

e Chapter Number and Subject and/or Component Title,

e Design and/or Analysis Objective,

e Functional Relationships,

e Example Problem Summary Calculation with Units,

e Sample Design and/or Analysis (from Plots), and

e Plots.

CHAPTER 111 — Moist Air Description, Model and Analysis
e Design and/or Analysis Objective
o Determine the dew point temperature Ty, at air compressor’s inlet and outlet
pressures P, given outdoor condition of temperature T, and relative humidity ¢.
o Determine specific humidity ratio w entering the air compressor.
o Determine air specific volume v at air compressor.

e Functional Relationships

o Hla: Tgey = f(T, @)

17.6(T—-32)
T+405

17.6(T—-32)

T+405

564 + 405 ( +In(p))

+1n((p))

Tdew -

17.6 — (
o IlLb:w = f(T, )
(7.5 (T—32))

0.622 ¢ (0.0886 .10\ T+395.14 )

(7.5 (T—32))
P-o (0.0886 10\ T+395.14 )

" = , Where P is 14.7 psia
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o lll.c, Ill.d, and Ill.e: T4, = f (P, @) for three outdoor temperatures T

240 +395.14 In(——22 0622 0P
o = (""fff (“’*0'622)), where @ = ——=2-59 for p_. at T equals
7.5 — ln(i) P—@ Psqt
0.0886 (w+0.622)

to 50°F, 70°F, or 90°F

o HLf:v, =f(T,¢)

RqT

(7-5 (T—32))
P—o <0.0886 .10\ T+395.14 )

Ivf-f
Ibm-R

.y, = , Where P is 14.7 psia, and R, is 53.33

e Example Problem Summary Calculation

o Ill.a: Air Properties

_R,T _ R,T
Va = Pa _P_Qapvs
Where
P,s = 0.256psia + ((0.363 — 0.256)psi )(68_60)°F— 0.342 psi
s = 0. psia . . psia 70— 60)°F psia
(53.33 M) ((68 + 459.67)R) 3
3 Ibm- R _ ft
by = — o = 13425 —
(14.7 psia - 144 F) — (50%) (0.34195 psia - 144 W)

e Sample Design or Analysis (from plots)
o Plot Ill.a - Air Compressor Inlet Dew Point Temperature Chart
If T = 75°F, and ¢ = 60%, then Ty, = 58.3°F
o Plot Ill.b - Specific Humidity Ratio Chart
If T = 75°F, and ¢ = 50%, then w = 0.00923
o Plot Ill.c - Air Compressor Exit Dew Point Temperature for Inlet Temperature of

50°F
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If T = 50°F, P = 120 psia, and ¢ = 70%, then T,,, = 102.3°F

o Plot lll.d - Air Compressor Exit Dew Point Temperature for Inlet Temperature of
70°F
If T = 70°F, P = 120 psia, and ¢ = 70%, then Ty,,, = 127.4°F

o Plot lll.e - Air Compressor Exit Dew Point Temperature for Inlet Temperature of
90°F
If T = 90°F, P = 120 psia, and ¢ = 70%, then T,,, = 152.8°F

o Plot I11.f - Air Compressor Inlet Specific Volume
° ft?
If T = 70°F, and P = 50%, then Vg = 135@
e Plots

550 Dew Point Temperature Chart

Relative Humidity ¢ [%)]
—100%

80%
60%
175 | —a0%
20%

225

200

150

125

100

75

Dew Point Temperature Taew [°F]

50
25

0
0 25 50 75 100 125 150 175 200 225 250

Air Temperature T [°F]

Figure 25. Plot Ill.a - Air Compressor Inlet Dew Point Temperature Chart
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Figure 26. Plot I11.b - Specific Humidity Ratio Chart
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Figure 27. Plot I1l.c - Air Compressor Exit Dew Point Temperature for Inlet

Temperature of 50°F
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Figure 28. Plot 111.d - Air Compressor Exit Dew Point Temperature for Inlet
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Figure 29. Plot I1l.e - Air Compressor Exit Dew Point Temperature for Inlet

Temperature of 90°F
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Figure 30. Plot I11.f - Air Compressor Inlet Specific Volume

CHAPTER IV - Air Compressor Model and Analysis
e Design and/or Analysis Objective
o Determine the exit temperature T,,,; of the compressed air from air compressor.

o Determine the specific work w, efficiency n, and exit pressure P and temperature

T, given the pressure ratio P"—_”t for either isothermal, isentropic, and real

mn

compression processes.
o Determine the exit vapor pressure P,, and saturation temperature T, .
e Functional Relationships

o WVa: T, =f1n Py
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n-1

Toutiy = Tin (l;j’;t)T, where T;,, and P;, are equal to 68°F or 527.67 R, and

14.7 psia

. Pou
o IV.b:w, = f(?nt,mse)

n—1
P n
Co T (out) _1
poin Pin

BTU

" W = - , Where Cy,, Tj,,, and n are equal to 0. 240 68°F

and 1.4
. Pout
o IVcw=f(7—,k)
Wiso = R,T ln £, where R,, and T are equal to 0. 069— and 68°F psia,
for isothermal process
n_—1
" Wiy =G, Tiy ((2’”) " ) where Cp, T;,, and n are equal to 0.240 BTUR

68°F, and 1.4 (for isentropic process) or 1.5 (for real process)

o IV.diw = f(=2%)

n-1
Pou T
" W =C,Th (( Pmt) ) where C,, T;,, and n are equal to 0. 240 22 —
68°F, and 1.4, for one-stage isentropic process
n-1
. Pour\ ™ BTU
= W=2C,Ti, ( Pint) — 1 |, where C,, T;y,, and n are equal to 0. 240 T

68°F, and 1.4, for two-stage isentropic process
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n-—1

= w=C,Tiy ( I;j’”t) 1 , for half of the two-stage isentropic process

in

BTU

" Wi = R,T ln £, where R,, and T are equal to 0. 069 and 68°F, for

TL

isothermal process
. — Pout
o IVen=f(,n,ny)
Pin

nyg—1

Poyt) m1 1
= = % where n,, n, are equal to 1.0, 1.4 (for isentropic efficiency),

(Pout) n2 4

Pin

or 1.4, 1.5 (for real process efficiency)

o IV P = f(2

= P =P, /I;f“t orP,,; = P, (ijut) where P;, is equal to 14.7 psia

o IVg:T= f(%)

n-1 _

Pout) ™ P
= T, = Tin( ;“f> or Tour = Tin (:T’:) ", where T;,, and n are equal to

in

68°F, and 1.4, for isentropic process

0 IV Py = f(Pouts @)

Poyt @
Vout  0.622+ w

o IV.iiT Tsat = f (Poue, w)

Poyt @
240+395.14 ln(o.ossé (0.622 + a)))

T. =
sat _ Pout w
7.5 ln(o.osse (0.622 + w))

Example Problem Summary Calculation
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o

IV.a: Exit Temperatures Ty,
n-1
Pout) n

Toutid = Tin (P_
in

n = 1.0 (isothermal compression)

1.0-1
100 psia\ 1.0
—) = 527.67 R = 68°F

Toutsy = ((68 + 459.67)R) ( 147 poia

n = 1.40 (isentropic compression)
1.40-1
100 psia) 1.40

—_— = 9109 R = 452.2°F
14.7 psia

Toutsy = ({68 + 459.67)R) (

IV.b: Specific Work and Efficiency
Isentropic:

The actual specific work w,,.

Wig _ Cp (Toutid B Tin)
Nise Nise

Wae =

(0 240-21U )((4522 68)R) BTU
Tbm 99

Wac - -

75% 2 Ilbm

The exit temperature Toy; .

(Toutld m)
Nise

Tout ac — Tin +

. (452.2°F - 68°F) ]
Tout o, = (68°F) + o, = 580.2°F

The heat loss Q
Q = Wge — Wig
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o

. (122 9BTU) (92 2BTU) _ 307BTU
Q= " lbm “Ibm/) T Ibm

Isothermal:

The actual specific work w,,.

Pout
. _ Wiso RaT In Pin
Wae = -
Niso Niso
BTU 100 psia
o (0.069 7~ —) (527.67 R) (lnm
ac — 75%
The exit temperature Toy; .
W
Toutac =Ty + C_apC
92.9 %
Tout 4, = (68°F) + ——BTU 455.1°F
0240 77—
lbm-R

The heat loss Q

. (9293TU) (697BTU) _ 232BTU
Q= " lbm “bm/) T T Ibm

The isothermal efficiency n;s,

Niso = 1’i/iso
iso Woe
o711
Niso = BTU = 75.6%
92'2%

IV.c: Intermediate Pressure and Total Specific Work
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The intermediate pressure P,

PI=1/P1'P4

P, = \/(14.7 psia) - ({125 + 14.7) psia) = 45.32 psia

The ideal and actual exit temperature of each stages See Figure 15.

n—1
Pout) n

Toutid =Tin (P_
in

4 \outig — Tin) (Toutld m)

Toutac = Tin Mo
Point 2 (Outlet of the 1% Stage compressor)

1.40—-1

1.40
) = 267.83°F

45.32 psia

. (267.83°F — 68°F) .
Ty, = 68°F + S0 = 317.79°F

Point 4 (Outlet of the 2" Stage compressor)

1.40—-1

(125 + 14.7) psia) 140
= 325.77°F

45.32 psia

Ty, = ((110 + 459.67)R) (

. (325.77°F — 110°F) _ .
Ty, = 110°F + S0 = 379.71°F

The total actual specific work Wiy ¢q; .

Wtotalac = Wlstac + Wanac = p(TzaC - Tl) + Cp(T4aC - T3)
. TU BTU BTU
Wtotalac = (59 95 T) (64.73 W) = 124. 68T

o IV.d: Compressor Analysis
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The total actual specific work Wiy qi ..

Wtotalac = Wlstac + Wzndac = Cp (TZaC + T4‘ac - Tl - T3)

, BTU
Weotalg, = (0.24 ) ((301.89 + 322.91 — 68 — 82.57)R)

lbm-R

—1138zBTU
B " lbm

The total power W4

Weotar = PV t Weotar 4,

Wiotar = (0 075 lbm) (400 SCFM) (113 82 BTU) L1055 kW - min
total = \ ™7 £e3 ““1bm/) 60 BTU
= 60.04 kW

IV.e: Volumetric Efficiency and Clearance

Subscripts a, b, ¢, and d on all variables represent a, b, ¢, and d of a compression
cycle. See Figure 16. Sub-subscript 1 represents variables from the 1% stage
compression, and sub-subscript 2 represents variables from the 2"¢ stage
compression.

The volumes V

mD?L
7 (4in)%(2.75 in
vy, = 2 )4( ) _ 3456 in?
1
Py, \F
‘e = Vb1<a)

138



1

14.7 psia \1.4
P ) = 16.59 in3

Vc1 = (34.56 in3) (m

CVp,
le = —P l
k

1+ C(%)

ai

8% (34.56 in®
v, = b ) 237

1 T

41.06 psia\14
1+ 8%( 14.7 psia )

1

Py, k
Val = le <K>
1

V,, = (2.37 in3)<

1

41.06 psia\1.4
—p> = 4,94 in3

14.7 psia

Vi =Vey = Va

2 1 1

Vy, = 16,59 in® — 2.37 in® = 14.22 in®

1

Py, \k
Ve, =V, (P_2>

€2

1

41.06 psia\1.4
p ) = 6.83 in3

Ve, = (1422 in%) (114 7 psia
CV,
Va, = 2 1
Py \E
1+C (—2)
P.,

8% (14.22 in?) ,
a4y = - = 0.98 in3

114.7 psia\14
1+8% (7755 psia)
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1

114.7 psia\1.4
P ) = 2.03 in®

Va, = (0.98 ) (41 06 psia

The volumetric efficiency n,,,; (Method 1)

1 (Vb1 al)
vl = (Voy = Vay)

_ (3456in® —4.94in%) 92.03%
Twol1 = (3456 in3 — 237 in3) "

(Vbz az)

nvolz - (Vbz de)

_ (4220 —203in) _ 5
Twolz = (1422 in3 — 098 in3) _ ~>>7°

The volumetric efficiency n,,,; (Method 2)

1

P, k
r]voll 1+C— C<Pb )
1

1

=1+ 8% — 8% (41 06 psm) Y _ 91349
Thwoty = 0T\ 147 psia) TN
N
Moo, =1+C—C sz
1
=1+ 8% — 8% (114 7pSla> * _ 91.34%
Mwotz = ° °\41.06 psia o

Sample Design or Analysis (from plots)
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Plot IV.a - Air Compressor Outlet Temperature for Polytropic Process
If n = 1.4, and P,,, = 100 psia, then T,,,, = 452.2°F

Plot IV.b - Air Compressor Actual Specific Work for Isentropic Process

Pou ) BTU
If 22 =5, and 15 = 60%, then Wy, = 123.0—

in

Plot IVV.c - Air Compressor ldeal Specific Work

If 2% = 5 and k = 1.5, then w = 89.7 222
lbm

Plot IV.d - Air Compressor Specific Work

If “2 = 5, for two-stage isentropic process, then w = 65.3=—

mn

Plot IV.e - Air Compressor Efficiency

If 224 = 5 and ny,n, = 1.4,1.5, then ) = 82%

mn

Plot IVV.f - Compressed Air Exit Pressure

If P"—_“t = 5, for intermediate pressure, then P = 32.9 psia

mn

Plot 1VV.g - Compressed Air Exit Temperature

If P"—_“t = 5, for intermediate temperature, then T = 204.1°F

mn

Plot IV.h - Air Compressor Outlet VVapor Pressure

If P,y,; = 100 psia, and w = 0.02, then B,  , = 3.14 psia

t
Plot IV.i - Air Compressor Outlet Saturation Temperature

If P, = 100 psia, and w = 0.02, then Ty, = 143.2°F
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Plots

Outlet Temperature T gy [°F]

750
650 Outlet Pressure Pout [psia]
150
——100
550 | _ _47
— —38
450
350
250 =
150
50

1 1.1 1.2 13 1.4 1.5
Polytropic Exponent [unitless]

Figure 31. Plot IVV.a - Air Compressor Outlet Temperature for Polytropic Process

Actual Specific Work w oc [BTU/lbm]

Figure 32.

300
Isentropic Efficiency 7;5, [%]
250 40%
60%
200 — ——80%
—100%
150
100
50
0

1 2 3 4 5 6 7 8 9 10
Pressure Ratio (Pout/Pin) [Unitless]

Plot IV.b - Air Compressor Actual Specific Work for Isentropic Process

142



Specific Work w' [BTU/1bm]

Specific Work w' [BTU/Ibm]

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

Specific Heat Ratio k [unitless]
——1.5(Real)

——1.4 (Isentropic)
——1.0 (Isothermal)

2 3 4 5 6 7 8 9 10
Pressure Ratio (Pout/Pin) [unitless]

Figure 33. Plot IV.c - Air Compressor Ideal Specific Work

140

120

100

80

60

40

20

Compression Process

——0One - Stage Isentropic

—Two - Stage Isentropic
—Isothermal
—Two - Stage Isentropic (half)

2 3 4 5 6 7 8 9 10
Pressure Ratio (Pout/Pin ) [unitless]

Figure 34. Plot 1V.d - Air Compressor Specific Work
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Efficiency n [%]

Pressure P [psia]

100%

95%

90%

85%

00
=]
=

75%

70%

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

Specific Work Ratio [unitless]
—(w_n=1.0)/(w_n=1.4)
—(w_n=1.4)/(w_n=1.5)

1 2 3 4 5 6 7 8 9 10
Pressure Ratio (Pout/Pin) [unitless]

Figure 35. Plot I1V.e - Air Compressor Efficiency

Pressure P [psial
P _out
—_—P]

— —P_in=14.7 psia

1 2 3 4 5 6 7 8 9 10
Pressure Ratio (Pout/Pin ) [unitless]

Figure 36. Plot IV.f - Compressed Air EXit Pressure
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Temperature T [°F]

Vapor Pressure Py, [psial

600

550 Temperature T [°F]
500 T out
450 .

400 — —T_in=68F

350
300
250
200
150
100

50
1 2 3 4 5 6 7 8 9 10
Pressure Ratio (Pout/Pin ) [unitless]

Figure 37. Plot 1VV.g - Compressed Air Exit Temperature

7.0
Humidity Ratio w [;:Tm"]
6.0

]
]
1
]
]
1
i —0.03
1
50 |+ —0.02
1
| —0.01
4.0 !
]
]
]
3.0 |
]
]
1
]
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]
]
]
1.0
00 !
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Outlet Pressure Py [psial

Figure 38. Plot I1V.h - Air Compressor Outlet VVapor Pressure
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180
170
160
150
140
130
120
110
100
90
80
70
60
50

Humidity Ratio w [

]

Ibm,,
Ihbmg
—0.03
—0.02

—0.01

Saturation Temperature T [°F]

10 20 30 40 50 o0 70 80 90 100 110 120 130 140 150
Outlet Pressure Poy: [psial

Figure 39. Plot I1V.i - Air Compressor Outlet Saturation Temperature

CHAPTER V — Compressed Air Coolers Model and Analysis

e Design and/or Analysis Objective
o Determine the intermediate vapor pressure P,, and saturation temperature Tg;.
o Determine the saturation heat transfer rate Qg

e Functional Relationships
o Va Pk, =f(P,w)

Prw
P, =—
out 0.622 + w

o V.biTy = f(P, )

Pjw
240+395.14 ln(o.osse (0.622 + w))

T. =
sat Pjw
7:5- ln(o.osse (0.622 + w))

o V.c Qsat = f(PI' “))
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n-1 Prw

240+395.14 ln(

+ w)

° _ Pi\' n 0.0886 (0.622
Qsat - Cp <Ti (P_) 75—1 Pl
mn DT n(0.0886(0.622+w)
BTU o
are equal to 0.240 , 68°F, and 1.4
Ilbm'R

e Example Problem Summary Calculation

o V.a: Intercooler Effectiveness
The exit temperature of the compressed air T,
Tout = Tin = € (Tin = Teoots,)
Tyue = 250°F — 80% (250°F — 70°F) = 106°F
The maximum allowable relative humidity ¢,

17.6(Tout — 32)
Tout + 405

17-6(Tin —32)
Tin + 405

)
Pmax = €

17.6(106°F — 32)

17.6(250°F — 32)
Omax = € 1065F + 405

750°F + 405 ) = 3.65%

V.b: Condensation Generated

Find the dew point temperature T,

17.6(Tair,, — 32)
564 + 405 in +1
. < Toiry, + 405+ (9
dew —
17.6(Tar,, — 32)
17.6—( Tairy, + 405 + In(¢)
564 + 405 (17'265(35F0 = 4_0532) + ln(10%))
Taew = on _
17.6 — (17'265(351:0 it 20 1n(10%)>

Use the general energy rate balance for closed system

dE

ax W

147

)> where Cy, Tjp, and n

)

= 142.67°F

in Equation (44)



Qair = Qcool

QSl + QSZ + QL = Qcool

Thus,
. _ (mcool Cpcool ATcool) - ((1 + “)) ma Cp ATair)
Meonda = (Lc _ Cp ATairz)
((’0 I./)cool Cpcool ATCOOZ) - ((1 +w) ('0 I./)a Cp ATair>
Meona =

(Le — Cp ATy,
And find the humidity ratio w using the water vapor saturation partial pressure P,
found from Table 4.

0622 ¢ Pyg
P - @ va
0.622 (10%)(29.844 psia)

w= =0.0136
((125 + 14.7)psia — (10%)(29.844 psia))

Therefore,

| (77.51322Y) — (72,978 570 sec _ lbm

Meond = BTU 136005 =17 5
(960159 )

e Sample Design or Analysis (from plots)
o Plot V.a - Air Compressor Intermediate VVapor Pressure

If P, = 40 psia, and w = 0.02, then B, . = 1.25 psia

out
o Plot V.b - Air Compressor Intermediate Saturation Temperature
If P, = 40 psia, and w = 0.02, then T, = 109.3°F

o PlotV.c - Air Compressor Saturation Heat Transfer Rate
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BTU

If P; = 40 psia, and w = 0.02, then Qgq; = 32.0——

Plots

2.4
2.2
2.0
18
1.6
14
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Vapor Pressure Py, [psia)

10

Humidity Ratio w [m—m”
lbmg

—0.03

—0.02

—0.01

15 20 25 30 35 40 45 50
Intermediate Pressure P; [psia]

Figure 40. Plot V.a - Air Compressor Intermediate Vapor Pressure
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Humidity Ratio w [;::Tm”]

—0.03
—0.02
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Figure 41. Plot V.b - Air Compressor Intermediate Saturation Temperature
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Figure 42. Plot V.c - Air Compressor Saturation Heat Transfer Rate

CHAPTER VI - Compressed Air Receiver and Storage Model and Analysis
e Design and/or Analysis Objective
o Determine the Volume V of a receiver needed to discharge a compressed air for a
certain amount of time ¢ at a certain volume flow rate V.
o Determine the time t to charge a receiver with a certain volume V at a certain
volume flow rate V.
e Functional Relationships

o VlaandVILg:V = f(P;,t)

» y =t (V"”;V"“;) tRT \where p, R,, and T are equal to . 075”’—"‘ 53.33; lbf ft
f~ri
and 529.67 R
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o VIlb,and VLh:t = f(P,V)

vV (Pr—P;)
P Vin—Vour) Ra T

, Where p, R,, and T are equal to 0.075 ley:, 53.33 iﬁff;

and 529.67 R

o VLcand VILA: V = f(t,V)

p (V=0)tR,T
Pf—Pi

, Where p, R,, and T are equal to 0.075 22, 53. 33 lbf ft

u V: f3!

and

529.67 R, then Pf, and P; are equal to 150 psia, and 100 psia or 120 psia

o VleandVLEt = f(V,V)

= M, where p, R,, and T are equal to 0.075”’—m 53. 33 lbf ft
p (V=0) Rq T

, and

529.67 R, then Py, and P; are equal to 150 psia, and 100 psia or 120 psia
e Example Problem Summary Calculation
o Vl.a: Receiver Charging

The time t required to fully charge the receiver

po Y (P —P1)
p (Vin—0) R, T
1 ft3 Ibf Ibf n?
(200 gal- 7248 al) <<150 100 >144W
t =

lbm ft3 1 min lbf-ft
<0 075 f?> (300m @E) (53.33 b R) (529.67 R)

= 18.2 sec
o VIL.b: Receiver Discharging

The volume V of the receiver
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p (Vin - I./out) tRT

V= P —P,
. (0 075 l;’;?) (0 360007;;) (20 sec) (53.35? It )(529 67R)

((100 — 120) lbf 144ft2>

= 73.4 ft3 = 549 gallons

The initial and final mass of the compressed air inside the receiver

PV
=R

((120 +14.7) 2% lbf - 144 ‘”2) (73.4 ft3)

7t
m; = b7 - ft = 50.5lbm
(53 33 ) (70 + 459.67R)
PV
_ b

T ERLT

((100 +147) % lbf 144ft2) (734 ft3)

(53 33 Z;f ft) (70 + 459.67R)

VI.c: Combination
The time t required to fully charge the receiver

V(P —P)

t = . .
p (Vin - Vout) Ra T

(200 gat - 5 L5) (130 - 110) 2L 140 2
a (0.075 l;’;?) (<10065 30)%) (53.33 égfn'_fé) (529.67R)

= 31.2 seconds
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Sample Design or Analysis (from plots)
o Plot Vl.a - Receiver Charging Volume
If P, = 120 psia, and t = 20 seconds, thenV = 610 gallons
o Plot VI.b - Receiver Charging Time
If P, = 120 psia, and V = 500 gallons, then t = 16.4 seconds
o Plot Vl.c - Receiver Charging Capacity (Initial Pressure 100 psig)
If t = 20 seconds, and V = 500 SCFM, then V = 366 gallons
o Plot VI.d - Receiver Charging Capacity (Initial Pressure 120 psig)
If t = 20 seconds, and V = 200 SCFM, then V = 244 gallons
o Plot Vl.e - Receiver Charging Speed (Initial Pressure 100 psig)
If V.= 500 SCFM, and V = 400 gallons, then t = 21.9 seconds
o Plot VI.f - Receiver Charging Speed (Initial Pressure 120 psig)
If V = 500 SCFM, and V = 400 gallons, then t = 13.1 seconds
o Plot VIl.g - Receiver Discharging Volume
If P, = 130 psia, and t = 20 seconds, then V = 610 gallons
o Plot VI.h - Receiver Discharging Time

If P, = 130 psia, and V = 500 gallons, then t = 16.4 seconds
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Plots
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Figure 43. Plot Vl.a - Receiver Charging Volume
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w
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Figure 44. Plot V1.b - Receiver Charging Time
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Figure 45. Plot VI.c - Receiver Charging Capacity (Initial Pressure 100 psig)
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Figure 46. Plot V1.d - Receiver Charging Capacity (Initial Pressure 120 psig)
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Figure 47. Plot Vl.e - Receiver Charging Speed (Initial Pressure 100 psig)
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Figure 48. Plot VI.f - Receiver Charging Speed (Initial Pressure 120 psig)
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Figure 49. Plot VI.g - Receiver Discharging Volume
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Figure 50. Plot V1.h - Receiver Discharging Time
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CHAPTER VII - Piping Model and Analysis

e Design and/or Analysis Objective
o Determine the pressure gradient Z—z of a compressed air flowing inside a pipe with
a certain diameter D at a certain volume flow rate V.
o Determine diameter D of a pipe necessary to achieve a certain pressure gradient Z—i

of a flowing compressed air at a certain volume flow rate V.

e Functional Relationships

o Vila: 2= = f(Vscem, D)

0.8 1.8
. oap _ . s P 02 (v Pscrm -4.8
2 — 3866 10 (pSCpM (Pscm)> 102 (Vscew (22224)) D2,

where p, and u are equal to 0. 687 and 3.816-1077 l?fs

and also pscru

Pscru, @nd P are equal to 0.075 25 ™ 14.7 psia, and 120 psia

ap

o VILb:D = f(VSCFM; dx)

-5 P o 02 Pscrar\ )" (ar\ 1\
u D:(386610 <p5CFM (@)) u- (VS‘CFM( P )) (E) >

lbm 7 lbfs

, Where p, and u are equal to 0. 687 —,and 3.816 - 10~ , and also pscrum,

Pscry, and P are equal to 0. 075 ™ 14.7 psia, and 120 psia

e Example Problem Summary Calculation
o VIl.a: Friction Factor and Pressure Drop

The Reynold’s number Re
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Re = ——
u
lbm ft 1 ft
. (0.636F) (20?) (3 in ﬁi_n> -
T (3816-10‘7 lbf's-3zzlbm'ft) T
: ft? " Ibf - s?
The friction factor f for turbulent flow (Re = 3000) in smooth pipe
0.184
- Re0-2
0184 0.0152
~ 258,89102

The pressure gradient Z—i

ap (0.636?7?)(20%)2(0.0152) L bfes? 1 fe

dx 5 (3. LIt 32.2lbm- ft 144in
12 in
psi
= 1.
668 1000 ft

The pressure drop AP

pV2fL
AP =
2D
9P
~dx
AP = 1.668—LS . 2000 ft = 3.337 psi
~ %7000 ft ft=3337psia

Which means that the pressure drop is about 2.68% of the initial pressure.
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ap 100% = 3337 psia 100% = 2.68%
P 7 (110 + 14.7)psia) 0T aDE

e Sample Design or Analysis (from plots)

o Plot Vll.a - Pressure Gradient of Compressed Air Inside a Pipe

psi
1000 ft

If Vscrn = 400 SCFM, and D = 3 inch, then =~ = 1.04

o Plot VIl.b - Pipe Diameter

y — ap _ psi _ ,
If Vscpy = 400 SCFM, and = 1.0 T0007¢" then D = 3.02 inch

e Plots

4.00
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3.00 —2.5 in.
—3.0in.
—3.5in.
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1.50

1.00

Pressure Gradient dP/dx [psi/(1000 ft)]
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0.00
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Volume Flow Rate V" [SCFM]

Figure 51. Plot VIl.a - Pressure Gradient of Compressed Air Inside a Pipe
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=
1.00
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Volume Flow Rate V' [SCFM]

Figure 52. Plot VIIL.b - Pipe Diameter

CHAPTER VIII - Flow Regulators Model and Analysis

e Design and/or Analysis Objective
o Determine the pressure gradient Z—i, given the compressed air pressure P, velocity

V, and the loss coefficient K .
e Functional Relationships
o VIll.a, and Vlll.c: AP = f(P, K;)
= AP=22-10"*PK,
o VILb: AP = f(V,K})
» AP=6.6-10"°V?K,
e Example Problem Summary Calculation

o VIll.a: Pipe Diameter and Loss Coefficient
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The pipe diameter D

fie
(5 46 mm) . |
gy 127 = 0746 in
n<30—-60—.) ft

sec min

The Reynold’s number Re

VD
Re = p—
u
(0 687%) (30%) (0.746 in 112 ft>
. ftz . lbf . SZ

The friction factor f for turbulent flow (Re = 3000) in smooth pipe

0.184
- Re0-2

0.184

= m = 0.0182

The equivalent length L.,

_2DAP
U pVrf
1 ft lbf
2(0 746 in - 15 )((120 80) % 144ft2) lom - ft
Leg = m t .32.2 s
(0 687 f—t’?) (30 f?) (0.0182)

= 2048.5 ft
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The loss coefficient K,

fLeq
K, =
)
0.0182)(2048.5 ft
_ (00182)( 1ftf):600

e Sample Design or Analysis (from plots)
o Plot Vlll.a - Pressure Gradient of Compressed Air Inside a Flow Regulator 1
If P =120 psia, and K; = 0.5, then AP = 0.013 psia
o Plot VIILb - Pressure Gradient of Compressed Air Inside a Flow Regulator 2
If 7 =25 £ and K, = 0.5, then AP = 0.021 psia

o Plot Vlll.c - Pressure Gradient of Compressed Air Inside a Flow Regulator 3

If K, = 500, and P = 100 psia, then AP = 11.0 psia

163



e Plots
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Figure 53. Plot VIll.a - Pressure Gradient of Compressed Air Inside a Flow Regulator 1
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Figure 54. Plot VIIl.b - Pressure Gradient of Compressed Air Inside a Flow Regulator 2
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Figure 55. Plot VIIl.c - Pressure Gradient of Compressed Air Inside a Flow Regulator 3

CHAPTER IX — Compressed Air System Leakage Model and Analysis
e Design and/or Analysis Objective
o Determine the sonic velocity I of a leaking compressed air.
o Determine both the volume and mass flow rates (V and 1) of a leaking air.

e Functional Relationships

o IXa ¥ =f(T)

» V. =,kR,T,where k, and R, are equal to 1.4, and 53.33—5}2’_:

o IX.b: Vscpy = (D, P)

w+\k D?pP

| ] y e
Vscrm 3332 JR.T pocrnr’ where k, R,, T, and pscpy are equal to 1.4,

53.33 227t 8ok and 0.075 2%
Ibm'R ft3
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o IXc:m=f(D,P)

2
o = YEDP here k, R, and T are equal to 1.4, 53.33
3332 Ry T

Ibf-ft

, and 68°F
Ibm-R

Example Problem Summary Calculation
o IX.a: Sonic Velocity and Flow Rates
The pressure P, and the temperature T of the air at the exit plane
P =0.528 P,
P =0.528((100 + 14.7)psia) = 60.56 psia
T =0.833T,
T = 0.833(80 °F) = 66.64 °F

The sonic velocity V; of the air leaking out

V. =kR,T
V= (14)(5333lbf'ft 3zzlbm'ft>(6664+45967R)
S ' “TIlbm-R "7 Ibf - s? ' '
t
_ 1123825
sec

The volume flow rate V

V=-D?V,

NS

o/l 1\ ft sec ft3
V= —<— in- ——) (1,123.8— - 60 —) = 2299 —
4 \4 12 in sec min min

= 95.31 SCFM

The mass flow rate m

m=pV
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_ Ibm ft3 lbm
m= (0.311—) 2299 — | =7.148—
ft3 min min

e Sample Design or Analysis (from plots)

o Plot IX.a - Leaking Compressed Air Sonic Velocity
If T = 80°F, then 7/, = 1123.8 2%
sec
o Plot IX.b - Leaking Compressed Air Volume Flow Rate

I D = 1/g inch, and P = 125 psig, then Vgcpy = 29.33 SCFM

o Plot IX.c - Leaking Compressed Air Mass Flow Rate

L ~ . . 5o0lm
If D = %/g inch, and P = 125 psig, then 1 = 2.20 —

e Plots
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Figure 56. Plot IX.a - Leaking Compressed Air Sonic Velocity
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Figure 57. Plot I1X.b - Leaking Compressed Air Volume Flow Rate
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Figure 58. Plot IX.c - Leaking Compressed Air Mass Flow Rate
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CHAPTER X — Compressed Air Tools Model and Analysis

Design and/or Analysis Objective

o Determine the exit temperature T,,,; of air from a compressed air tool.

o Determine specific work w from an expanding compressed air to a compressed air
tool

Functional Relationships

o Xa: Toue = f(Piu1)

k-1
Toue =Tin [ 1—1 (1 — (Pi) k ) , where T;,, P,y and k are equal to

Pout

68°F or 527.67 R, 14.7 psia, and 1.4

o Xbiw=f(Pmn)

k-1

= W=C,Tin7 (1— (:i) " ) where Cp,, Tin, Poyr, and k are equal to
out
BTU .
0.240 PP 68°F or 527.67 R, 14.7 psia, and 1.4

Example Problem Summary Calculation
o X.a: Compressor Size Requirement
The size or power W of air compressor required

W = W* Vtool (1 + %leak)

. hp
= (20—} (25 SCFM)(1 + 0%) = 5 h
w (201005CFM)( )(1+0%) p

For 100 unit compressed air tools
Wipo = 100 W
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Wi0o = 100 (5 hp) = 500 hp

With 30% leak

W100,4 joqre = Wioo (1 + %reqr)

Wi00, g = (500 hp)(1 + 30%) = 650 hp
The work (in kW - hr) required with the leak

W100+leak = W100+leak t

kw day hr
W100+leak = (650 hp - 0.746 E) (1 yr- 3657 - 24 @)

= 4,247,700 kW - hr = 4.25 GW - hr

The volume Vi, ., Of compressed air (in SCF) used with the leak

V100+leak = Vioo (1 + Y%iear)
min
V1004 1¢qr = 100 (25 SCFM) (1 yr - 525600 7) (1+30%)

= 1.71 billion SCF

e Sample Design or Analysis (from plots)
o Plot X.a - Exit Temperature from a Compressed Air Tool
If P;,, = 60 psia, and n = 50 %, then T,,; = —19.1°F

o Plot X.b - Specific Work from an Expanding Compressed Air

If P,,, = 60 psia, and 1 = 50 %, then v = 20.9 2>

170



Plots

Efficiency 1 [%]
—10%
—20%
—50%
—100%

Outlet Temperature Ty [°F]
&
3

10 20 30 40 50 60 70 80 S0 100
Inlet Pressure Py, [psial

Figure 59. Plot X.a - Exit Temperature from a Compressed Air Tool
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Figure 60. Plot X.b - Specific Work from an Expanding Compressed Air

171



CHAPTER XIII

CONCLUSIONS

The basic components of a compressed air system, along with how moist air
behaves, and its properties such as, pressure, temperature, and relative humidity changes,
are discussed and analyzed by using theories derived herein, and a number of example
problems. These Example Problems, along with the MATLAB models, and component
behavior plots in CHAPTER XII will enable engineers to understand the fundamentals of
compressed air system analysis and design.

For compressed air system design and analysis, this thesis provides a clear
explanation of the relevant and important specifications, and operations of each of the
main components of a compressed air system. Of special importance, general energy and
mass conservation equations are applied for each components so that energy transfer can
be determined along with moist air properties of temperature, pressure, and humidity at
each point in the system. Moreover, the step-by-step explanation, accompanied by the
MATLAB codes enable engineers to accurately analyze and determine the performance
and efficiencies of either the system or any components.

The compressed air system components described and modeled herein are the two-
stage air compressor, with the intercooler, the aftercooler, the accumulator or receiver, the
air dryers, the distribution piping and components, the regulators, and the compressed air
tools, along with the unwanted air leakage. In addition to deriving equations and applying

assumptions, which make up the system and component models, example problems, and
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design and analysis plots (in CHAPTER XI1) were formulated for each components, along

with moist air and leakage analysis.
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APPENDIX A

FUNCTION DEVELOPMENT

In order to provide consistent, and efficient codification, separate functions have
been developed, each of which represents one of the thermodynamic principles. This way,
when the main code from one of the chapters needs data from those principles, any of
those functions can be called as many times as needed. The following sections explain
each of the functions and the input data that they need, as well as the output data that they

produce.

Ideal Gas Equation Function (PVTRo.m)

First, this function automatizes Equations (1) and (2). The code starts with an i £
loop which helps with a basic validation for the input value. This function uses a string
input so this validation will make sure that the string asks only for calculation of the

pressure P, volume Vv, temperature T, mass m or density Ro, thus,

function y = PVTRO (x)
if
~strcmp (x, 'P'") &&~strcmp (x, 'V') &&~strcmp (x, 'T") &&~strcmp (x, 'm') &&~
strcmp (x, 'Ro")
error ('Input must be P, V, T, m, or Ro.")

After the validation, the code defines the value for the ideal gas constant r, and it
uses a switch loop to choose between cases that are the five parameters to be calculated.
Each one of these five cases will ask for consistent inputs depending on the case that is

initially selected.

else
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Ru = 1545; % units lbf.ft. (lbmol.R)"-1
Ma 28.97; % units lbm.lbmol”-1
R = Ru/Ma;
switch x
case 'P'
vol = '"Volume? (Insert value in ft"3): ';
temp = 'Temperature? (Insert value in fahrenheit): ';
mass = 'Mass of dry air? (Insert value in lbm): ';
V = input(vol);
T = input (temp)+459.67;
m = input (mass);
P = m*R*T/ (V*144);
Ro = m/V;
case 'V'
pre = 'Pressure? (Insert value in psia): ';
temp = 'Temperature? (Insert value in fahrenheit): ';
mass = 'Mass of dry air? (Insert value in lbm): ';
P = input (pre) *144;
T = input (temp)+459.67;
m = input (mass);
V = m*R*T/P;
Ro = m/V;
case 'T'
pre = 'Pressure? (Insert value in psia): ';
vol = 'Volume? (Insert value in ft"3): ';
mass = 'Mass of dry air? (Insert value in lbm): ';
P = input (pre)*144;
V = input(vol);
m = input (mass) ;
T = P*V/ (m*R) ;
Ro = m/V;
lml
pre = 'Pressure? (Insert value in psia): ';
vol = 'Volume? (Insert value in ft*3): ';
temp = 'Temperature? (Insert value in fahrenheit): ';
P = input (pre)*144;
V = input (vol);
T = input (temp)+459.67;
m = P*V/ (R*T);
Ro = m/V;
case 'Ro'
pre = 'Pressure? (Insert value in psia): ';
temp = 'Temperature? (Insert value in fahrenheit): ';
P = input (pre) *144;
T = input (temp)+459.67;
vV = 0;
0;
Ro = P/ (R*T);

case

3
Il

End

Finally, from each of these five cases, five values will be earned. In order to be

able to manage those results effectively, those answers have to be stored in a vector v,
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thus when this function is called into a main program, the right parameter from the vector

should be carefully chosen for our calculation.

end
Yy = [PIVITImIRO];
end

Receiver Calculator (Recv.m)

First, this function automatizes Equations (59), (60), and (61), used to calculate the
volume of a receiver tank. The code starts with an if loop which helps with a basic
validation for the input value. This function uses a string input so this validation will make
sure that the string asks only for calculation of the pressure P, volume v, temperature T,

flow rate vdot, or time t, thus,

function y = Recv(x)
if
~strcmp (x, 'dP'") &&~strcmp (x, 'V') &&~strcmp (x, 'T") &&~strcmp (x, 'Vdot'
) &&~strcmp (x, 't")
error ('Input must be P, V, T, Vdot, or t.')

After the validation, the code defines the value for the ideal gas constant R and the
density of dry air Ro, and it uses a switch loop to choose between cases that are the six
parameters to be calculated. Each one of these six cases will ask for consistent inputs

depending on the case that is initially selected.

else
Ru = 1545; % units 1lbf.ft. (lbmol.R)"-1
Ma 28.97; % units lbm.lbmol”-1
RO 0.075; % units lbm.ft"-3
R = Ru/Ma;
switch x

case 'dP'
vol = 'Volume? (Insert value in gal): ';
temp = 'Temperature? (Insert value in fahrenheit): ';
flow = 'Flow rate? (Insert value in SCFM): ';
tim = 'Time? (Insert value in seconds): ';
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V = input(vol)/7.48;

T input (temp) +459.67;
Vdot = input(flow)/60;

t = input (tim);

dP = Ro*Vdot*t*R*T/ (V*144);

case 'V'
flow = 'Flow rate? (Insert value in SCFM): ';
tim = 'Time? (Insert value in seconds): ';
temp = 'Temperature? (Insert value in fahrenheit): ';
pre = 'Pressure change? (Insert value in psia): ';

Vdot = input (flow)/60;

t = input(tim);

T = input (temp)+459.67;

dP = input (pre) *144;

V = Ro*Vdot*t*R*T*7.48/dP;

case 'T'
vol = 'Volume? (Insert value in gal): ';
pre = 'Pressure change? (Insert value in psia): ';
flow = 'Flow rate? (Insert value in SCEFM): ';
tim = 'Time? (Insert value 1in seconds): ';

P = input (pre)*144;

V = input(vol)/7.48;

Vdot = input (flow)/60;

t = input (tim);

T = V*dP/ (Ro*Vdot*t*R) ;
case 'Vdot'

vol = 'Volume? (Insert value in gal): ';

pre = 'Pressure change? (Insert value in psia): ';
tim = 'Time? (Insert value in seconds): ';

temp = 'Temperature? (Insert value in fahrenheit): ';

dP = input (pre) *144;

V = input(vol)/7.48;

t = input (tim);

T = input (temp)+459.67;
Vdot = V*dP*60/ (RO*t*R*T) ;

case 't'
vol = 'Volume? (Insert value in gal): ';
pre = 'Pressure change? (Insert value in psia): ';
flow = 'Flow rate? (Insert value in SCFM): ';
temp = 'Temperature? (Insert value in fahrenheit): ';

dP = input (pre) *144;

V = input(vol)/7.48;

Vdot = input (flow) /60;

T = input (temp)+459.67;

t = V*dP/ (Ro*Vdot*R*T) ;
end

Finally, from each of these six cases, six values will be earned. In order to be able
to manage those results effectively, those answers have to be stored in a vector v, thus
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when this function is called into a main program, the right parameter from the vector

should be carefully chosen for our calculation.

end
Yy = [PIVITImIRO];
end

Volume Flow Rate Function (VAv.m)

First, this function automatizes Equation (17), used to calculate the mass and
volume flow rate in a pipe. The code starts with an if loop which helps with a basic
validation for the input value. This function uses a string input so this validation will make
sure that the string asks only for calculation of the flow rate Vdot, diameter of the pipe

D, or velocityy v, thus,
function y = VAv (x)
if ~strcmp(x, 'Vdot') &&~strcmp(x, 'D'") &&~strcmp (x, 'v')

error ('Input must be Vdot, D, or v')

After the validation, the code uses a switch loop to choose between cases that
are the three parameters to be calculated. Each one of these three cases will ask for

consistent inputs depending on the case that is initially selected.

else
switch x
case 'Vdot'

diam = 'Diameter? (Insert value in inches): ';
vel = 'Velocity? (Insert value in ft/sec): ';
D = input(diam)/12;
v = input (vel);
Vdot = pi*D"2*v/4;

case 'D'
flow = 'Flow rate? (Insert value in SCFM): ';
vel = 'Velocity? (Insert value in ft/sec): ';
Vdot = input (flow)/60;
v = input (vel);
D = 2*(Vdot/ (pi*v))"(1/2);

case 'v'
flow = 'Flow rate? (Insert value in SCFM): ';
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diam = 'Diameter? (Insert value in inches): ';

Vdot = input (flow)/60;
D = input(diam)/12;
v (4*Vdot) / (pi*D"2) ;

end

Finally, from each of these three cases, three values will be earned. In order to be
able to manage those results effectively, those answers have to be stored in a vector v,
thus when this function is called into a main program, the right parameter from the vector

should be carefully chosen for our calculation.

end
y = [Vdot,D,v];
end

Reynolds Number Function (Re.m)

First, this function automatizes Equation (69), used to calculate the Reynold’s
number of a flow. The code is pretty simple and uses also Equation (70) to calculate the
gas dynamic viscosity. It needs numerical input values for density Ro, velocity v, diameter
of the pipe D, and temperature of the fluid T. Finally, this function is called inside the

function Pgrad, which calculates the pressure gradient and will be explained next.

function y = Re(Ro,v,D,T)

C = 120;
ul0 = 3.81l6e-7;
TO = 524.07;

u = u0* ((0.555*T0+C)/ (0.555*T+C) ) * (T/T0)"1.5;
y = Ro*v*D/ (u*32.2*12);
end

Pressure Gradient Function (Pgrad.m)

First, this function automatizes Equation (62), used to calculate the pressure

gradient of a flow. It needs numerical input values density Ro, velocity v, diameter of the
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pipe D, and temperature of the fluid T. This code starts using the function Re for
calculating the Reynold’s number of the flow, and then it asks for the surface roughness
eps,

function y = Pgrad(Ro,v,D,T)

Ry = Re(Ro,v,D,T);

eps = 'Surface roughness? (Use Moody Diagram): ';
ee = input (eps);

These codes below also uses Equation (65), (66), and (68) to calculate the friction factor

as a function of the Reynold’s number, as follows.

if 3000 <= Ry && Ry <= 10e8
sp = 'Smooth pipe? (Y/N): ';
switch sp
case 'Y'
f = 0.184/Ry".2;
case 'N'
f = 1.325/(log(ee/(3.7*D)+5.74/Ry~0.9))"2;
end
elseif Ry <= 2100
f = 64/Ry;
else
fl1 = 64/2100;
f2 = 1.325/(log(ee/ (3.7*D)+5.74/300070.9))"2;
f = f1+(£f2-£f1)* (Ry-2100) /900;
end
y = Ro*f*v"2/(2*D);
end

Outlet Pressure and Temperature for Compression Function (TTPP.m)

First, this function automatizes Equation (34), used to calculate either the Outlet
Temperature T2 or Pressure P2 in a polytrophic compression. It needs numerical input
values for both the inlet pressure P1, and inlet temperature T1, as well as either the outlet
pressure or temperature PT. This function uses both a string x and numerical input values:

PT, P1, T1, and k. Therefore it needs a validation that will make sure that the string
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asks only for calculation of the outlet pressure P2, or final temperature T2. As the string
= that is assigned to the variable PT is replaced by the input, which can be either P2, or
T2, the function will calculate either the final pressure (if P2 replaces x) or final
temperature (if T2 replaces x), using the inlet pressure P1, inlet volume v1, and

polytropic constant k.

function y = TTPP(x,PT,P1,T1, k)
if ~strcmp(x, 'P2')&&~strcmp (x, 'T2")
error ('Input must be P2, or T2.'")

After the validation, the code uses a switch loop to choose between cases that
are the two parameters to be calculated. Each one of these two cases will ask for consistent
inputs depending on the case that is initially selected. This code uses Equation (34) to

calculate either the outlet pressure P2 or temperature T2, as follows.

else
if strcmp(x, 'P2")
T2 = PT;
else
P2 = PT;
end
switch x
case 'P2'
P2 = P1*(k/(k-1))*1log(T2/T1);
case 'T2'
T2 = T1*(P2/P1)"~(k/(k-1));
end
end
y = [P1,P2,T1,T2];
end

Polytropic Process Function (VVPP.m)
First, this function automatizes Equation (35), used to calculate either the outlet
volume or pressure in a polytrophic process. It needs numerical input values for both the

initial pressure P1, and initial volume V1, as well as either the final pressure or volume
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pV. This function uses both a string = and numerical input values: pv, P1, V1, and k.
Therefore it needs a validation that will make sure that the string asks only for calculation
of the final pressure P2, or final volume V2. As the string x that is assigned to the variable
PV is replaced by the input, which can be either P2, or v2, the function will calculate
either the final pressure (if P2 replaces x) or final volume (if V2 replaces x), using the

initial pressure P1, initial volume V1, and polytropic constant k.

function y = VVPP(x,PV,P1l,V1, k)
if ~strcmp(x, '"P2'")&&~strcmp(x, 'V2")
error ('Input must be P2, or V2.'")

After the validation, the code uses a switch loop to choose between cases that
are the two parameters to be calculated. Each one of these two cases will ask for consistent
inputs depending on the case that is initially selected. This code uses Equation (35) to

calculate either the final pressure P2 or volume V2, as follows.

else
if strcmp(x, 'P2")
V2 = PV;
else
P2 = PV;
end
switch x
case 'P2'
P2 = P1/(k*log(V2/V1l));
case 'V2'
V2 = V1*(P1/P2)"(1/k);
end
end
y = [P1,P2,V1,V2];
end

Heat Rate Function (Heat.m)
First, this function automatizes Equation (29), used to calculate the heat rate in any

thermodynamic process. The code starts with an if loop which helps with a basic
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validation for the input value. This function uses a string input so this validation will make
sure that the string asks only for calculation of the heat rate “Odot”, flow rate “Vdot”,

outlet temperature “To”, inlet temperature “T1”, or specific work “Wdot”, thus,

function y = Heat (x,Ro,Cp)
if
~strcmp (x, 'Qdot'") &&~strcmp (x, 'Vdot') &&~strcmp (x, 'To') &&~strcmp (%,
'Ti'") &&~strcmp (x, "Wdot ')
error ('Input must be Qdot, Vdot, To, Ti, or Wdot.')

After the validation, the code uses a switch loop to choose between cases, that
are the five parameters to be calculated. Each one of these five cases will ask for consistent

inputs depending on the case that is initially selected.

else
switch x
case 'Qdot'

flow = 'Flow rate? (Insert value in SCFM): ';
Tout = 'Temperature out? (Insert value in rankine):';
Tin = 'Temperature in? (Insert value in rankine): ';

Vdot = input (flow);
To = input (Tout);
Ti = input(Tin);
dT = To-Ti;
Qdot = Ro*Vdot*Cp*dT*60;
Wdot = Cp*dT;
case 'Vdot'

heat = 'Heat rate? (Insert value in BTU.hr"-1): ';
Tout = 'Temperature out? (Insert value in rankine):';
Tin = 'Temperature in? (Insert value in rankine): ';

Qdot = input (heat);
To = input (Tout);
Ti = input(Tin);
dT = To-Ti;
Vdot = Qdot/ (Ro*Cp*dT*60) ;
Wdot = Cp*dT;
case 'To'

heat = 'Heat rate? (Insert value in BTU.hr"-1): ';
flow = 'Flow rate? (Insert value in SCFM): ';
Tin = 'Temperature in? (Insert value in rankine): ';

Qdot = input (heat);
Vdot = input (flow);
Ti = input(Tin);
To = Ti + Qdot/ (Ro*Cp*Vdot*60) ;
dT = To-Ti;
Wdot = Cp*dT;
case 'Ti'
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heat = 'Heat rate? (Insert value in BTU.hr”-1): ';
flow = 'Flow rate? (Insert value in SCFM): ';
Tout = 'Temperature out? (Insert value in rankine):';
Qdot = input (heat);
Vdot = input (flow);
To = input (Tout) ;
Ti = To - Qdot/ (Ro*Cp*Vdot*60) ;
dT = To-Ti;
Wdot = Cp*dT;
case 'Wdot'

Tout = 'Temperature out? (Insert value in rankine):';
Tin = 'Temperature in? (Insert value in rankine): ';
Qdot = 0;

Vdot = 0;

To = input (Tout) ;

Ti = input(Tin);

dT = To-Ti;
Wdot = Cp*dT;
end

Finally, from each of these five cases, five values will be earned. In order to be
able to manage those results effectively, those answers have to be stored in a vector v,
thus when this function is called into a main program, the right parameter from the vector

should be carefully chosen for our calculation.

end
y = [Qdot,Wdot,Vdot, To,Ti,dT];
end

Humidity Ratio (Hum.m)

First, this function automatizes Equation (16), used to calculate the humidity ratio
in any compression process. The code starts with an i £ loop which helps with a basic
validation for the input value. This function uses a string input so this validation will make
sure that the string asks only for calculation of the humidity ratio w, saturation pressure
Pvs, pressure P, or relative humidity pPhi, thus,

function y = Hum(x)
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if
~strcmp (x, 'w') &&~strcmp (x, 'Pvs') &&~strcmp (x, 'P'") &&~strcmp (x, "phi'
)

error ('Input must be w, Pvs, P, or Phi.'")

After the validation, the code uses a switch loop to choose between cases, that
are the four parameters to be calculated. Each one of these four cases will ask for consistent

inputs depending on the case that is initially selected.

else
switch x

case 'w'
relh = 'Relative humidity? (Insert value in %): ';
pres = 'Presure? (Insert value in psia): ';
satp = 'Saturation Pressure? (Insert value in psia):';
phi = input (relh);
P = input (pres);
Pvs = input (satp);
w = 0.622*phi*Pvs/ (P-phi*Pvs) ;

case 'Pvs'
hrat = '"Humidity ratio';
pres = 'Presure? (Insert value in psia): ';
relh = 'Relative humidity? (Insert value in %): ';
w = input (hrat);
P = input (pres);
phi = input (relh);
Pvs = w*P/ (phi* (0.6224w)) ;

case 'P'
hrat = '"Humidity ratio';
relh = 'Relative humidity? (Insert value in %): ';
satp = 'Saturation Pressure? (Insert value in psia):';
w = input (hrat);
phi = input (relh);
Pvs = input (satp);
P = (0.622+w) *phi*Pvs/w;

case 'phi'
hrat = 'Humidity ratio';
pres = 'Presure? (Insert value in psia): ';
satp = 'Saturation Pressure? (Insert value in psia):';
w = input (hrat);
P = input (pres);
Pvs = input (satp);
phi = w*P/ (Pvs* (0.622+w) ) ;

end

Finally, from each of these four cases, four values will be earned. In order to be

able to manage those results effectively, those answers have to be stored in a vector v,
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thus when this function is called into a main program, the right parameter from the vector

should be carefully chosen for our calculation.

end
y = [W/PVS/P/phill'
end
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APPENDIX B

CHAPTER 11l MODEL

First, the codes that carry the example problems need to be defined. In the
following lines, the method to call the functions from APPENDIX A, and to produce the
plots in order to process the input data will be explained. Now, start by defining some

constants that are useful for further calculations.

%Constants used for calculations

Ru = 1545; % units 1lbf.ft. (lbmol.R)"-1
Ma = 28.97; % units lbm.lbmol”-1

Ro = 0.075; % units lbm.ft"-3

R = Ru/Ma;

Example Problem I1l.a: Air Properties

The code for the example problem is as simple as just printing information
regarding the given problem, and calling the function PVTRo specifying the density as the
unknown, to calculate the specific volume of the dry air in analysis. After this, print the

inverse of the fifth element of the answers vector, which corresponds to the density.

%Example Problem a
disp('Air properties')
disp('Solve for the Specific Volume of dry air at standard

conditions."')

pre = 'Pressure? (Insert value in psia): ';

relh = 'Relative humidity? (Insert value in %): ';

pres = 'Pressure of saturation? (Insert value in psia): ';

P = input (pre);

phi = input(relh);

Pvs input (pres) ;

Pa = P-phi*Pvs;

disp(['The pressure of dry air is ',num2str(vs),' psia.'l])

sl = PVTRo('Ro'");

vs = 1/s1(5);

disp(['The specific volume is ',num2str(vs),' ft~3.1lbm"-1."])
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In order to provide a plot for above calculation, the remaining values from the

answers vector should be taken from the function PVTRo,

$Plots
T = s1(3);
m = 20; %Chose the mass amount as desired.

Now, define three plots based on the obtained answer from the above.

%$Ideal gas equation.

Tl = T*.75; % units rankine
T2 = T; % units rankine
T3 = T*1.25; % units rankine

Then, define the domain of the plots, and proceed to define the plots, as well as their labels

and information that will be shown.

% Define the array of volume in ft"3
V=20: .01*5 : vs*m;

% Calculate the pressure disribution

Pl = m*R*T1./(V*144);

= M*R*T2./(V*144);

P3 = m*R*T3./(V*144);

% Plot the three graphs on the one axis

g
N
|

figure

plot (v, Pl, 'r-', 'LineWidth', 2)

hold

plot(v,P2, 'g-', 'LineWidth', 2)

plot(Vv,P3, 'b-', 'LineWidth', 2)

grid on;

legend ([num2str (T1l), " rankine.'], [num2str (T2),"'
rankine.'], [num2str (T3), ' rankine.']);

xlabel ('V', 'FontSize', 20);
ylabel ('P', 'FontSize', 20);
title('Pressure vs. Temperature', 'FontSize', 20);
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APPENDIX C

CHAPTER IV MODEL

First, the codes that carry the example problems need to be defined. In the
following lines, the method to call the functions from APPENDIX A, and to produce the
plots in order to process the input data will be explained. Now, start defining some

constants that are useful for further calculations.

%Constants used for calculations

Cpa = 0.24; % units BTU. (lbm.R)"-1)
Cpw = 1.00; % units BTU. (lbm.R)"-1)
Roa = 0.075; % units lbm.ft"-3

Row = 62.40; % units lbm.ft"-3

Pstd = 14.7; % units psia

Tstd = 68; % units fahrenheit

Ru = 1545; % units lbf.ft. (lbmol.R)"-1
Ma = 28.97; % units lbm.lbmol”-1

Example Problem 1V.a: Exit Temperatures

The code for the first example problem is as simple as just printing information
regarding the given problem, and calling the function TTPP specifying the outlet
temperature as the unknown, and the values for the outlet pressure, inlet temperature, inlet
pressure, and the polytropic constant. After this, print the outlet temperature for each one

of the values of the polytropic constant provided.

[

5 Example Problem a
disp('Exit Temperatures')
disp('Solve for the exit temperature, if k is 1, 1.3, and 1.4.")

ipre = 'Inlet Pressure? (Insert value in psia): ';
opre = 'Outlet Pressure? (Insert value in psia): ';
itemp = 'Inlet Temperature? (Insert value in fahrenheit): ';

Pl = input (ipre);
P2 = input (opre);
Tl = input(itemp)+459.67;
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k= 101,1.3,1.4];
= TTPP('T2',P2,P1,Tl,k(1));
y2 = TTPP('T2',P2,P1,T1,k(2));

N
=
|

y3 = TTPP('T2',P2,P1,T1,k(3));

disp(['The outlet temperature for k = ',num2str(k(l)),"' is
', num2str(yl(4)-459.67),"' fahrenheit.'])

disp(['The outlet temperature for k = ',num2str(k(2)),"' is
',num2str(y2(4)-459.67)," fahrenheit.'])

disp(['The outlet temperature for k = ',num2str(k(3)),"' is

', num2str (y3(4)-459.67),"' fahrenheit.'])

Example Problem 1V.b: Specific Work and Efficiency

The code for the second example problem is as just printing information regarding
the given problem, and calling the function Heat specifying the specific work as the
unknown, and the values for the density of dry air Roa, and the specific heat at constant

pressure Cpa.

$sExample Problem b

disp('Specific Work and Efficiency')

disp('Solve for the actual specific work, exit temperature, and
heat loss.')

nise = 'Isentropic Efficiency? (Insert value in %): ';
niso = 'Isothermal Efficiency? (Insert value in %): ';
ipre = 'Inlet Pressure? (Insert value in psia): ';
opre = 'Outlet Pressure? (Insert value in psia): ';

Pl = input (ipre);

P2 = input (opre);

Nis = input(nise)/100;

Nit = input (niso)/100;

disp ('For adiabatic process:')
y5 = Heat ('Wdot',Roa,Cpa):;
Wid = y5(2);

In addition, calculate all the required data using the formulas defined before, and

present the results in the same order as the example problem previously defined.

disp(['The ideal specific work is ',num2str (Wid),' BTU.lbm"-1."'1])
Wacis = Wid/Nis;

disp(['The actual specific work is ',num2str (Wacis),' BTU.lbm"-
1.'1)

Toid = y5(4);

Tiid = y5(5);

dTid = y5(6);

Toac = Tiid+dTid/Nis;
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disp(['The exit temperature is ',num2str (Toac),' fahrenheit.'])
Qdotid = Wacis - Wid;

disp(['The heat loss is ',num2str (Qdotid),' BTU.lbm"-1."'])
disp('For isothermal process:')

Tit Tiid;

Wit = R*Tit*log(P2/P1);

disp(['The isothermal specific work is ',num2str(Wit),' BTU.lbm"-
1.'1)

Wacit = Wit/Nit;

disp(['The actual isothermal specific work is ',num2str (Wacit),'

BTU.lbm"-1."7)
Qdotit = Wacit - Wit;
disp(['The isothermal heat loss is ',num2str (Qdotit),' BTU.lbm"-

1.'])
Niti = Wit/wid;
disp(['The isothermal efficiency is ',num2str(Niti*100),'%."'])

Example Problem IV.c: Intermediate Pressure and Total Specific Work

Here is the code for the third example problem. It is necessary to print information
regarding the given problem. Then, call the function TTPP specifying the outlet
temperature as the unknown, and the values for the outlet pressure, inlet temperature, inlet
pressure, and the polytropic constant. Also, call the function Heat specifying the specific
work as the unknown, and the values for the density of dry air Roa, and the specific heat
at constant pressure Cpa, as many times as needed. In addition, calculate all the required
data using the formulas defined before, and present the results in the same order as the

example problem previously defined.

%Example Problem c

disp('Intermediate Pressure and Total Specific Work')
disp('Solve for the intermediate pressure, and the actual exit
temperature of each stage of compression.')

nise = 'Isentropic Efficiency? (Insert value in %): ';

ipre = 'Inlet Pressure P1? (Insert value in psia): ';

opre = 'Outlet Pressure P4? (Insert value in psia): ';

itemp = 'Inlet Temperature T1? (Insert value in fahrenheit): ';
initemp = 'Intermediate Inlet Temperature T3? (Insert value in
fahrenheit): ';

Nis = input(nise)/100;
Pl = input (ipre);
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P4 = input (opre);

Tl = input (itemp)+459.67;

T3 = input(initemp)+459.67;

PI = (P1*P4)".5;

disp(['The intermediate pressure is ',num2str (PI),' psia.'l])

y5 = TTPP('T2',PI,P1,T1,k(3));

T2id = y5(4);

disp(['The ideal exit temperature at 2 is ',num2str(T2id),'
fahrenheit.'])

T2ac = Tl + (T2id-T1)/Nis;

disp(['The actual exit temperature at 2 is ',num2str(T2ac),'
fahrenheit.'])

y6 = TTPP('T2',P4,PI,T3,k(3));

T4id = y6(4);

disp(['The ideal exit temperature at 4 is ',num2str(T4id),’'
fahrenheit.'])

Td4ac = T3 + (T41id-T3)/Nis;

disp(['The actual exit temperature at 4 is ',num2str (T4ac),'
fahrenheit.'])

y7 = Heat ('Wdot',Roa,Cpa):;

Wlac = vy7(2);

disp(['The total actual specific work at 1st stage is

', num2str (Wlac), ' BTU.lbm"-1."])

y8 = Heat ('Wdot',Roa,Cpa);

W2ac = y8(2);

disp(['The total actual specific work at 2nd stage is

', num2str (W2ac), ' BTU.lbm"-1."])

Wtac = Wlac + W2ac;

disp(['The total actual specific work for the compressor

', num2str (Wtac), ' BTU.lbm"-1."])

Example Problem IV.d: Compressor Analysis

Here is the code for the fourth example problem. It is necessary to print information

regarding the given problem. Then call the function TTPP specifying the outlet
temperature as the unknown, and the values for the outlet pressure, inlet temperature, inlet
pressure, and the polytropic constant. Also, call the function Hum specifying the pressure
of saturation as unknown. Finally call the function Heat specifying the specific work as
the unknown, and the values for the density of dry air Roa, and the specific heat at constant

pressure Cpa, as many times as needed. In addition, calculate all the required data using
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the formulas defined before, and present the results in the same order as the example

problem previously defined.

%Example Problem d
disp ('Compressor Analysis')
disp('Solve for the total power and the work transfer rate.')

nise = 'Isentropic Efficiency? (Insert value in %): ';

ipre = 'Inlet Pressure P1? (Insert value in psia): ';

opre = 'Outlet Pressure P4? (Insert value in psia): ';

itemp = 'Inlet Temperature T1? (Insert value in fahrenheit): ';

Nis = input(nise)/100;

Pl = input (ipre);

P4 = input (opre);

Tl input (itemp) +459.67;

PI = (P1*P4)".5;

disp(['The intermediate pressure is ',num2str (PI),' psia.'])
y5 = TTPP('T2',PI,P1,T1,k(3));

T2id = y5(4);

disp(['The ideal exit temperature at 2 is ',num2str(T2id),’
fahrenheit.'])

T2ac = Tl + (T2id-T1)/Nis;

disp(['The actual exit temperature at 2 is ',num2str(T2ac),'
fahrenheit.'])

y9 = Hum('Pvs');

Pvs = v9(2);
initemp = 'Interpolated Intermediate Inlet Temperature T3?
(Insert value in fahrenheit): ';

T3 = input(initemp)+459.67;

yl0 = TTPP('T2',P4,PI,T3,k(3));

T4id = y10(4);

disp(['The ideal exit temperature at 4 is ',num2str (T4id),'
fahrenheit.'])

Tdac = T3 + (T4id-T3)/Nis;

disp (['The actual exit temperature at 4 is ',num2str (T4ac),'’
fahrenheit.'])

yll = Heat ('Wdot',Roa,Cpa);

Wlac = y11(2);

disp(['The total actual specific work at 1lst stage is

', num2str (Wlac),' BTU.lbm"-1."'])

yl2 = Heat ('Wdot',Roa,Cpa);

W2ac = yl12(2);

disp(['The total actual specific work at 2nd stage is

', num2str (W2ac), ' BTU.lbm"-1."'])

Wtac = Wlac + W2ac;

disp(['The total actual specific work for the compressor is
', num2str (Wtac), ' BTU.lbm"-1."'])

Example Problem IV.e: Volumetric Efficiency and Clearance
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Here is the code for the fifth example problem. It is necessary to print information
regarding the given problem. Then call several times the function vvPP specifying the
outlet volume as the unknown, and the values for the outlet pressure, inlet volume, inlet
pressure, and the polytropic constant, and calculate all the required data using the formulas
defined before. Finally, present the results in the same order as the example problem

previously defined.

%Example Problem e
disp ('Volumetric Efficiency and Clearance')
disp('Solve for the piston volumes.')

dia 'Piston Diameter? (Insert value in inches): ';

len = '"Piston Length? (Insert value in inches): ';

cl = '"Piston Diameter? (Insert wvalue in inches): ';

ipre = 'Inlet Pressure P1? (Insert value in psia): ';

opre = 'Outlet Pressure P4? (Insert value in psia): ';

itemp = 'Inlet Temperature T1? (Insert value in fahrenheit): ';

D = input(dia);
L input (len);
C = input(cl)/100;
Pl = input (ipre);

Pal = P1;

Pbl = P1;

P4 = input (opre);

Pc2 = P4;

Pd2 = P4;

Tl = input(itemp)+459.67;

PI = (P1*P4)".5;

Pcl = PI;

Pdl = PI;

Pa2 = PI;

Pb2 = PI;

disp(['The intermediate pressure is ',num2str(PI),' psia.'])
disp(['Pressure Pal = ',num2str(Pal),' psia.'])
disp(['Pressure Pbl = ',num2str (Pbl),' psia.'])
disp(['Pressure Pcl = ',num2str(Pcl),' psia.'])
disp(['Pressure Pdl = ',num2str(Pdl),' psia.'])
disp(['Pressure Pa2 = ',num2str (Pa2),' psia.'])
disp(['Pressure Pb2 = ',num2str (Pb2),' psia.'])
disp(['Pressure Pc2 = ',num2str (Pc2),' psia.'])
disp(['Pressure Pd2 = ',num2str (Pd2),' psia.'])
Vbl = pi*D"2*L/4;

disp(['The volume at lst compression at b is ',num2str(Vbl),'
in®3."'])

yl3 = VVPP('V2',Pcl,Pbl,Vbl,k(3));
Vel = y13(4);
vVdl = C*Vbl/ (1+C(Pd1/Pal)~(1/k(3)));
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yl4d = VVPP('V2',Pal,Pdl,vdl,k(3));

Val = yl14(4);

Vb2 = Vcl-vdl;

yl5 = VVPP('V2',Pc2,Pb2,Vb2,k(3));
Ve2 = yl15(4);

vVd2 = C*Vb2/ (1+C(Pd2/Pa2)~(1/k(3)));
yl6 = VVPP('V2',Pa2,Pd2,vd2,k(3));
Vaz = yl6(4);

disp(['Volume Val = ',num2str(Val),'
disp(['Volume Vbl = ',num2str (Vbl),'
disp(['Volume Vcl = ',num2str(vVcl),'
disp(['Volume Vdl = ',num2str(vdl),'
disp(['Volume Va2 = ',num2str(Va2),'
disp(['Volume Vb2 = ',num2str (Vb2),'
disp(['Volume Vc2 = ',num2str (Vc2),'
disp(['Volume Vd2 = ',num2str(vdz2),'
Nvll = (Vbl-Val)/ (Vbl-vdl) ;

Nv12 = 14C-C(Pcl/Pbl) "~ (1/k(3));

disp(['The Volumetric Efficiency for
', num2str (Nv11*100), '%.'])

disp (['The Volumetric Efficiency for
', num2str (Nv12*100), '%.'])

Nv21 = (Vb2-Va2)/(Vb2-Vd2) ;

Nv22 = 14C-C(Pc2/Pb2) " (1/k(3));

disp (['The Volumetric Efficiency for
', num2str (Nv21*100), '%.'])

disp (['The Volumetric Efficiency for
', num2str (Nv22*100), "%.'])
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APPENDIX D

CHAPTER V MODEL

First, the codes that carry the example problems need to be defined. In the
following lines, the method to call the functions from APPENDIX A, and to produce the
plots in order to process the input data will be explained. Now, start defining some

constants that are useful for further calculations.

%Constants used for calculations
Cpa = 0.24; % units BTU. (lbm.R)"-1)
Cpw = 1.00; % units BTU. (lbm.R)"-1)
Roa = 0.075; % units lbm.ft"-3

Row 62.40; % units lbm.ft"-3

Example Problem V.a: Intercooler Effectiveness

Then, the code for the example problem is as simple as just printing information
regarding the given problem, calculating all the required data using the formulas defined
before, and present the results in the same order as the example problem previously

defined.

%$Example Problem a
disp('Intercooler Efectiveness')
disp('Solve for the maximum relative humidity."')

tempai = 'Initial temperature of air? (Insert value in
fahrenheit): ';

tempci = 'Initial temperature of coolant? (Insert value in
fahrenheit): ';

eff = '"Intercooler effectiveness? (Insert value in %): ';
Tai = input (tempai) ;

Tci = input (tempci) ;

ee = input (eff);

Tao = Tai-ee* (Tai-Tci);

disp(['The exit temperature of the air is ',num2str (Tao),'
fahrenheit.'])

phi = exp(17.6* (Tao-32)/ (Tao+405)+17.6* (Tai-32)/(Tai+405));
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disp(['The maximum allowable relative humidity is
',num2str (phi*100),'%."'1)

Example Problem V.b: Condensation Generated

Here is the code for the fourth example problem It is necessary to print information
regarding the given problem. Then calculate the dew temperature with the equations
defined above, and call the function Hum specifying the pressure of saturation as unknown.
Finally calculate all the required data using the formulas defined before, and present the

results in the same order as the example problem previously defined.

%Example Problem b
disp ('Condensantion Generated')
disp('Solve for the mass flow rate of condensation generated.')

tempai = 'Initial temperature of air? (Insert value in
fahrenheit): ';

tempao = 'Exit temperature of air? (Insert value in fahrenheit):
T .

tempci = 'Initial temperature of coolant? (Insert value in
fahrenheit): ';

tempco = 'Exit temperature of coolant? (Insert value in
fahrenheit): ';

relh = 'Relative humidity? (Insert value in %): ';

flow = 'Flow rate? (Insert value in SCFM): ';

Taili = input (tempai);

Tao = ;

’

Tci input (tempci
Tco = input (tempco
phi = input(relh);

)
input (tempao) ;

)

)

’

Vdot = input (flow) /60;

Tdew = (564+405* (17.6* (Tai-32)/(Tai+405)+log(phi)))/(17.6-
(17.6*(Tai-32)/(Tai+405)+1log(phi)));

disp(['The dew point temperature is ',num2str (Tdew),'
fahrenheit.'])

mdotc = Row*Vot;
disp(['The coolant mass flow rate is ',num2str (mdotc),' lbm.sec”-

1.'1)

mdota = Roa*Vot;

disp(['The air mass flow rate is ',num2str(mdota),' lbm.sec”-
1.'1)

yl = Hum('w');

w = yl(1l);

disp(['The humidity ratio is ',num2str(w),'.'])

mdotw = (mdotc*Cpw* (Tco-Tci) - (1l+w)*mdota*Cpa* (Tao-Tai))/ (Lc-
Cpa* (Tao-Tai));
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disp(['The mass flow rate of the condensation generated is
', num2str (mdotw) , ' lbm.sec”-1."])
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APPENDIX E

CHAPTER VI MODEL

First, the codes that carry the example problems need to be defined. In the

following lines, the method to call the functions from APPENDIX A, and to produce the

plots in order to process the input data will be explained. Now, start defining some

constants that are useful for further calculations.

%Constants used for calculations

Ru = 1545; % units 1lbf.ft. (lbmol.R)"-1
Ma = 28.97; % units lbm.lbmol”-1

Ro = 0.075; % units lbm.ft"-3

R = Ru/Ma;

Example Problem V1.a: Receiver Charging

Then, the code for the first example problem is as simple as just printing

information regarding the given problem, and calling the function Recv specifying the

time as the unknown, to calculate the time needed to fill the receiver tank. After this, print

the results for the fifth element of the answers vector from Recwv, which corresponds to

time.

sExample Problem a

disp('Receiver charging')

disp('Calculate the time to charge a 200 gallon receiver')

sl = Recv ('t");

tl = s1(5);

disp(['The time to fill the receiver is ',num2str(tl),’' sec.'])

In order to provide a plot for above calculation get the remaining values from the

answers vector from the function Recv,

%Charging plots
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dPl = s1(1);
vVl = s1(2);
Tl = s1(3);
Vdotl = s1(4);

Now, define three plots based on the answer that was obtained above.

$Modified ideal gas equation for calculating the size of a
receiver.

Vdotll = Vdotl*.75; % units SCEFM

Vdot21l = Vdotl; % units SCFM

Vdot31 Vdotl*1.25; % units SCEM

Then, define the domain of the plots and proceed to define the plots, as well as their labels

and information that will be shown.

% Define the array of time in seconds

t =0 : .01*5 : 20;

% Calculate the pressure disribution
dP11l = Ro*Vdotll*R*T1*t/ (V1*144);

dp21 RoO*Vdot21*R*T1*t/ (V1*144);

dP31 = Ro*Vdot31*R*T1*t/ (V1*144);

% Plot the three graphs on the one axis
figure

plot(t, dP1l1l, 'r-', 'LineWidth', 2)
hold

plot(t,dP21, 'g-', 'LineWidth', 2)
plot(t,dP31, 'b-', 'LineWidth', 2)
grid on;

legend ([num2str (Vdotll*60), " SCEM.']
SCEM. "], [num2str (Vdot31*60), ' SCEFM.'
xlabel ('t', 'FontSize', 20);

ylabel ('dP', 'FontSize', 20);

title ('Pressure Change vs. Time', 'FontSize', 20);

, [num2str (Vdot21*60), "'
1)

Example Problem V1.b: Receiver Discharging

Then, the code for the second example problem is as simple as just printing
information regarding the given problem, and calling the function Recv specifying the
volume as the unknown, to calculate the volume of the receiver tank. After this, print the

results for the second element of the answers vector from Recv, which corresponds to

volume.
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$Problem Calculation b

disp ('Receiver discharging')

disp('Calculate the receiver size.')

s2 = Recv ('V");

V2 = s2(2);

disp(['The volume of the receiver is ',num2str(v2),' gal.'])

Additionally, in order to calculate the initial and final mass inside the receiver, the
function PVTRo is used, selecting the fourth element of the answers vector as the result.

disp ('Receiver discharging')
disp('Calculate the initial and final mass inside the receiver.')

s3 = PVTRo('m'") ;

ml = s3(4);
disp(['The initial mass inside the receiver is ',num2str(ml), '
lbm.'])

s4 = PVTRo('m') ;

m2 = s4(4);
disp(['The final mass inside the receiver is',num2str (m2, 'lbm.'])

In order to provide a plot for above calculation, get the remaining values from the

answers vector from the function Recv,

%$Discharging plots
dP2 = s2(1);

T2 = s2(3);

Vdot2 = s2(4);

Now, define three plots based on the answer that was obtained above.

%$Modified ideal gas equation for calculating the size of a
receiver.

Vdotl2 = Vdot2*.75; % units SCFM

Vdot22 = Vdot2; % units SCEM

Vdot32 Vdot2*1.25; % units SCEFM

Then, define the domain of the plots and proceed to define the plots, as well as their labels

and information that will be shown.

o°

Define the array of time in seconds

=0 : .01*5 : 20;

¢ Calculate the pressure disribution

dP12 = dP2/144-Ro*Vdotl2*R*T2*t/ (V2*144);
dP22 = dP2/144-Ro*Vdot22*R*T2*t/ (V2*144);
dP32 dP2/144-Ro*Vdot32*R*T2*t/ (V2*144) ;
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% Plot the three graphs on the one axis

figure

plot(t, dPl2, 'r-', 'LineWidth',6 2)

hold

plot(t,dP22, 'g-', 'LineWidth', 2)

plot(t,dP32, 'b-', 'LineWidth', 2)

grid on;

legend ([num2str (Vdotl1l2*60), "' SCEFM.'], [num2str (Vdot22*60),"'
SCFM. '], [num2str (Vdot32*60), "' SCFM.']);

xlabel ('t', 'FontSize', 20);
ylabel ('dP', 'FontSize', 20);
title('Pressure Change vs. Time', 'FontSize', 20);

Example Problem VI.c: Combination

Then, the code for the third example problem is as simple as just printing
information regarding the given problem, and calling the function Recv specifying the
volume as the unknown, to calculate the volume of the receiver tank. After this, print the
results for the second element of the answers vector from Recv, which corresponds to

volume.

%$Example Problem c

disp ('Combination')

disp('Calculate the time to charge a 200 gallon receiver while
using it.")

s5 = Recv ('t");
t2 = s5(5);
disp(['The time to fill the receiver is ',num2str(t2),' sec.'])
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APPENDIX F

CHAPTER VII MODEL

First, the codes that carry the example problems need to be defined. In the
following lines, the method to call the functions from APPENDIX A, and to produce the
plots in order to process the input data will be explained. Now, start defining some

constants that are useful for further calculations.

%Constants used for calculations
Cpa = 0.24; % units BTU. (lbm.R)"-1)
Cpw = 1.00; % units BTU. (lbm.R)"-1)
Roa = 0.075; % units lbm.ft"-3

Row 62.40; % units lbm.ft"-3
Pstd = 14.7; % units psia

Example Problem VIl.a: Friction Factor and Pressure Drop

Then, the code for the example problem is as simple as just printing information
regarding the given problem, calling the function Pgrad to calculate the pressure
gradient, the friction factor and the Reynolds number, and finally calculating all the
required data using the formulas defined before, and present the results in the same order

as the example problem previously defined.

%Example Problem a

disp('Friction factor and pressure drop')

disp('Solve for the Reynolds number, the friction factor, and the
pressure gradient.')

pre = 'Pressure? (Insert value in psig): ';

dia = 'Diameter? (Insert value in inches): ';

len = 'Length? (Insert value in ft): ';

vel = 'Velocity? (Insert value in ft/sec): ';

temp = 'Temperature? (Insert value in fahrenheit): ';

P = input (pre)+14.7;
D = input (dia);
L = input(len);
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ve = input (vel);

T = input (temp)+459.67;

Ro = P*Roa/Pstd;

disp(['The density is ',num2str(Ro),' lbm.ft"-3.'])
yl = Pgrad(Ro,ve,D,T);

Pgrad = yl1(1);

£ =y1l(2);

Ry = y1(3);

disp(['The Reynolds Number is ',num2str(Ry),'."'])
disp(['The friction factor is ',num2str(f),'."'])
disp (['The pressure gradient is ',num2str (Pgrad),' psia.ft”-1."'])
dP = Pgrad*L;

disp(['The pressure drop is ',num2str(dP),' psia.'l])
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APPENDIX G

CHAPTER VIII MODEL

First, the codes that carry the example problems need to be defined. In the
following lines, the method to call the functions from APPENDIX A, and to produce the
plots in order to process the input data will be explained. Now, start defining some

constants that are useful for further calculations.

%Constants used for calculations
Cpa = 0.24; % units BTU. (lbm.R)"-1)
Cpw = 1.00; % units BTU. (lbm.R)"-1)
Roa = 0.075; % units lbm.ft"-3

Row = 62.40; % units lbm.ft"-3
Pstd = 14.7; % units psia

Tstd = 68; % units fahrenheit

Example Problem VIll.a: Pipe Diameter and Loss Coefficient

Then, the code for the example problem is as simple as just printing information
regarding the given problem, calling the function vAv specifying the diameter of the pipe
as the unknown, calling the function Pgrad to calculate the pressure gradient, the friction
factor and the Reynolds number, and finally calculating all the required data using the
formulas defined before, and present the results in the same order as the example problem

previously defined.

$Example Calculation a
disp('Pipe Diameter and Loss Coefficient')
disp('Solve for the pipe diameter.')

flt 'Flow rate of the tool? (Insert value in ft*3.min”-1): ';
pret = 'Pressure of the tool? (Insert value in psig): ';

prem = 'Minimum of the tool? (Insert value in psig): ';

pres = 'Pressure of the system? (Insert value in psig): ';

vel = 'Velocity? (Insert value in ft/sec): ';

vdt = input (flt);
206



Pt = input (pret)+14.7;
Ps = input (pres)+14.7;
Pm = input (prem)+14.7;
ve = input(vel);

Vds = Vdt*Pt/Ps;

yl = VAv('D");

D = yl(2);

Ro = Ps*Roa/Pstd;

y2 = Pgrad(Ro,ve,D,T);

Pgrad = y2(1);

£ = vy2(2);

Ry = y2(3);

disp(['The Reynolds Number is ',num2str(Ry),'."'])

(
disp(['The friction factor is ',num2str(f),'."'])

disp(['The pressure gradient is ',num2str (Pgrad),' psia.ft”-1."'1)
Leqg = (Ps-Pm) /Pgrad;

disp(['The equivalent length is ',num2str(Leq),’' ft.'])

Kl = f*Leq/D;

disp(['The loss coefficient is ',num2str(K1l),'."'])
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APPENDIX H

CHAPTER IX MODEL

First, the codes that carry the example problems need to be defined. In the
following lines, the method to call the functions from APPENDIX A, and to produce the
plots in order to process the input data will be explained. Now, start defining some

constants that are useful for further calculations.

%Constants used for calculations
Cpa = 0.24; % units BTU. (lbm.R)"-1)
Cpw = 1.00; % units BTU. (lbm.R)"-1)
Roa = 0.075; % units lbm.ft"-3

Row 62.40; % units lbm.ft"-3
Pstd = 14.7; % units psia

Tstd = 68; % units fahrenheit

k = 1.4; % isentropic expansion

Ru = 1545; % units lbf.ft. (lbmol.R)" -1
Ma = 28.97; % units lbm.lbmol”-1

R = Ru/Ma;

o

X

Example Problem IX.a: Sonic Velocity and Flow Rates

Then, the code for the example problem is as simple as just printing information
regarding the given problem, calling the function PVTRo specifying the density as the
unknown, calling the function vAv specifying the diameter of the pipe as the unknown,
and finally calculating all the required data using the formulas defined before, and present

the results in the same order as the example problem previously defined.

disp('Sonic Velocity and Flow Rates')
disp('Solve for the pressure and temperature at exit plane,sonic
velocity, volume and mass flow rates.')

preo = 'Pressure of the component? (Insert value in psig): ';
temo = 'Temperature of the component? (Insert value in
fahrenheit): ';

Po = input (preo)+14.7;
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To = input (temo);

P ((2/ (k+1)) " (k/(k=-1))) *Po;

disp(['The Pressure at the exit plane is ',num2str(P),' psia.'])
T = (2/(k+1)) *To;

disp(['The Temperature at the exit plane is ',num2str(T),'
fahrenheit.'])

Vs = (k*R*32.2*T)"~.5%60;

disp(['The Sonic Velocity is ',num2str(Vs),' ft.min”-1."'])

yl = PVTRo('Ro');

Ro = y1(5);

disp (['The Density of the leaked gas is ',num2str(Ro),' lbm.ft"-
3.'1)

y2 = VAv ('Vdot');

Vdot = y2(1)*60;

disp(['The Volume Flow Rate is ',num2str(Vdot),' SCFM.'])

Vdots = Vdot*Ro/Roa;

disp(['The Volume Flow Rate is ',num2str(Vdots),' SCFM.'])

mdot = Ro*Vdot;

disp(['The Mass Flow Rate is ',num2str (mdot),' lbm.min”-1.'])
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