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ABSTRACT

Air compressorsire significant energy usein nearly every industrial facilityAir
compressors have become a primary focusdistrial energyudits lecausehey arevital for
production processes but are very enéngyficient machines. Industrial energy audstoiften
perform a detailed energy analysis a compressed air system udimggedamperagelata from
theair compressarin the systemMostof thecurrentair compressosimulationtoolsuse
loggedpower data tgerform simulation according to an elécai analysis These tools perform
their analysis based on averaged power dtaken from the logged amperage datae airflow
demands of a compressed air system are then calculated based on the general shape of the
performance profileThis static anlysisofa compr essed air systemb6s o0f
prompts an inquisive auditor to dynamically model a compressed air system

While thecurrent compressed air softwaoels areusefulfor modelingsystemawith an
electricalanalysis a potential ists to develop anodelingtool with asoundphysics and
thermodynamisbased approachrhis thesisrespond to the need for a transient thermodynamic
compressed air system moddlhe central focus of theesultinginvestigationis thegenerabn
of a mmprehensiveompressed air model to be used in analyzing recorded astlpplydata
from a rotary screw air compressor operating uticleedifferent capacity control methods
The rotary screw compressor is choseafagus of this work because o§itominance in the
industrial air compressor markebystem responses will be tracked for verification of the
compressed air modeSeveral compresser system examples will be evaluated to reflect
compressor operation under adequate and inadequetgestbhe main objective of this report
is to: educate the reader on the performance of cuotary screw compressors, describe the

generation o& transient thermodynamiompressed air modelnalyzeseveral different



compressed air systenad evalate theseompressed air systertitgough quantitative and

qualitative comparisons
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1.INTRODUCTION

1.1 Motivation

Industrial air compressoese significant energy consuming pisoé equipment in
nearly every manufacturing facilityThe Department of Energy @sates thatcompressed air
systems accourior 10% of allelectricity and roughlyL6% of all motor system energy use in
United Statesmanufacturing industrig®epartment of Energy Energy Efficiency and
Renewable Energy Industrial Technologies Program [DOEEERE], 200&) United States
Industrial Electric Moto Systems MarkeDpportunities Assssmenestimated that compressed
air system energy use in the typical manufacturing facility couledheced by 17% through
measures with simple paybacks of 3 yearless(Department of Energy Office of Industrial
Tecmolgies [DOEOIT], 2001) The Department of Energy Compressed Air Market Assessment
al so determined t hat ,6 oftiminationdf dompréssedairtsystenmssner gy
frequently results in corresponding improvements in system relialpititgud quality, and
overall productivity (DOEOIT, 2001) Therefore gfficient air compressor design and operation

remainson the forefront of the energaving frontier.

Initiatives in the recent past to model compressed air systdiaviorhave been very
successful. Computer nodeling especiallyprovides severaldvantagefor evaluaton and
optimization ofair compressor performanc&he ability to perform detailed mathematical
analyss withrapidcalculation time offers evaluatsthe opportunit to consider current
operating conditions and tovestigatealternativesystem operating parameters with relative ease

andquickness Because these calculations can be performed with relative ease and basic



engineering knowledge, a ugeiendly softwaremodelng tool provides much more effective
and comprehensivesults than previous ratherdimentary analyss. One example is the
AIRMastef" software toolwhich wasdesigned under the Department of Energy Industrial
Technologies Programo assist end userns the improvement of the performance of their
compressed air syster(Bepartmenof Energy Industrial Technologies Program [DOEITP],
2008) Simulationof positive displacement arbmeaerodynamicompressors is available
within this software The AIRMager" software model is employed model airflow and
associated electrical demands as seen by the supply side of the compresstenaiHowever,
theend users dhe AIRMastef compressed asoftwaremay experience a void if looking to
observe systerbehavior as a dynamrepresentation afystem pressure in responsaitosupply
and demand. The AIRMastesoftware tility doesnotevolvebeyondthe snapshot operating
conditions of hourlyaveraged data. Thegiasisteadyanalysis ioften not detded enough to

usefullyobservehe operatioa of an industrial air compressor

Other compressed airanalysessuch as StosicScremith, & Kov
Compressors: Mathematical Modelling and Performance Calculahiave utilizedstate of the
art compuational fluid dynamic (CFD) modelsThese models maingimulate theavorking
process of an air compressor, such av#taviorand physic®f the machine geometry and
fluids within the air compresse@quipment Although these simulations do model tramgi
behavior of the air compression procdbksse CFD analysek notemploythe simulation ofa
compressed air system as a whole. Additionally, these models are based so inherently in
theoretical analysis methods, that valuable simulation time isn@sttianeous detail of tHimer

engineering designpomponent®f the air compressor machine



A method for asimple and effectiveompressed air system simulatimodelis therefore
an invaluable piece to the energy efficiency puzzle thaaptvates th industrial energy sector
of the country.A simple tool that could model the energy usage for observed data as well as the
transient responses of the compressor and the systald be&practicalfor evaluating energy
efficient modes of operationThis tol, utilizing simple field data through testing with basic
equipmentwould then provide the informational resowséar improvements in compressed air

system operation from a demand side perspective.

1.2 Selection of Rotary Screw Compressor

Compresersare used im wide variety of industrial settings including pneumatic tools,
pneumatic transport, blast furnaces, paint spraynd,many different chemical and industrial
processesRotary screw compressors are by far the most common typesdive dsplacement
industrialcompressar More appropriately, thewin rotary screw compressa the most
commonly used compressior industrial applicationsOne reason that compressors are so
ubiquitous is that @arly every manufacturing plant requiresrgpressedir for some type of
process within the facilityln the past 30 years, the twin screw air compressor has taken an ever
increasing share of this industrial aompressomarket because of increasing efficieriéyosic,

Smith, & Kovacevic, 2005)

For thesereasos, t he t wi n r ot aphysicadand teewnodymamipr essor 6
operationis the solenitiative in the design othis compressed asystemmodeling tool Their
mode of operatiohas been developed for a wide varietyapplicatiors, arl they are available

in a large range of siz§sO 6 N e i |. Additiohafly9tBe)construction of the twin rotary screw

3



is simple. Only two parts of the machine, a pair of meshing rotors, move to compress the gas
enclosed irthe grooves of the rotor8ecausdhe geometry of the twirotors in themachine is
rather complex, the details of this geometry will be addressed minimally in the compressed air

model.

The twin rotary screw air compressor is commonly used becauseeaifatde
construction ad efficient operation. Te physics and thermodynamics of tivn rotary screw
air compression process are a long established scidimeselectiorof thetwin rotary screw air
compressoultimatelyfacilitates the analysis needed fobroad range afompressed air
modelng. Consequently, much of the compressed air magpliesequally to positive

displacement machines, in general.

1.30Objectives

Themain objective of this thesis is tdevelopment o compressed air systesimulator
to model the pysical and transient behavior of compressed air gas within the significant
components of a compressed air systisimg essential compressor performance parameters
The ability to modefield-observed system data is unique to the desired outputs of the
simulation. The useful outputs of the simulatediow for determiration ofa compressed air
syst embs e n perfagnyance debverye both based on compressed air system capacity
requirements.The next three sections describe the driving forces dehsamain objective of

this study, the creation of a comprehensive compressed air system model.



1.3.1 Physics and Thermodynamically Based Model

At times, the goal of producing a soundly based physical and thermodynamic model
seemdirectly contradictoy with the desire to use basic data to compute the desired ooatputs
the compressed air system modeélen Stosiet al. (2005emphasizethd@tr ot ary scr ew
compressor performance is governed by the interactive effects of thermodynamic and fluid flow
processes anithe machine geometry and thus can be calculated reliably only by their
simultaneous con sSSitdber adifferegrgatlgafiom bthe goal of ehis work.
While many existing screw compressor models derive complex mathemattiainghips for
performance calculation, all of these models are heavily based in experidesigaevaluaion.
Therefore, they cannot be simulateithout obtaining special information on design geometry

such as lobe crossectional areas, clearance gafpiction factors, resistance coefficients, etc.

The goal of thistudyremains to evaluai@ real air compressor and its performance in
the field. However, many of the parameters necessary for performance calculations of complex
mathematical modeksre simply unobtainable arealistic generaénergy auditing scenario.
When sufficient compressor design information
interest to utilizeacomplex mathematical model for enhanced resits. the degjn of this
mode| paramount engineering judgment and fitting assumpta@ne employed sthat only
significant parameters arequiredto obtainuseful desired solutionsThis goal also mimics the

desire for a speedy and effective tool.



1.3.2 Basic Naneplate Data

As is well known, allair compressors are manufactured with a nameplate for collecting
important information such as model and serial nus)lrated flow, rated discharge pressures
and motor powerWhile some of this data is presented omlameplate for documentation
purposes, much of the provided information describes the design parameters of the physical
operation of the air compressor machine. These rated design conditions explicitly inform
industrial personnel of thmaximumdesign oprationof the air compressor. Therefore,
industrial personnel are able to utilize the nameplate data of each air compressor to assess the
Sy st maxiwusnpef or mance characteristics, particular
sufficient volume otompressed airBecause the nameplate data is limited in reatar
sophisticated analysis of sufficient versusufficient compressed air supply scenario cannot
simply be performedHowever, the nameplate data as well as data of the complete compressed
air system does provide sufficient informatiorusefully analyze compressed air system

behavior.

In the design of this compressed air model, every effort was made to alloydoof
relevantnameplate data to complete a thorough analysis of tlterajpressor power
requirements and the corresponding air supply and demand classificaberusly, the most
detailed compressor design information allows for a complete evaluation of the thermodynamic
and physical behavior of the compressed air systéawever, this information is not readily
available except to the air compressor designers themselves. The intent of this model was to
create a detailed but useful analysis of a compressed air dysteralies on basic nameplate

informationand observeéfleld datato perform its computations.



1.3.3 Useful Outputs

Several useful outputs are desifenim the transient fluid and thermodynamic
compressed air modeWith basic data, the compressed air model uses four equations to provide
an air compressqower calculation, compressed air supply, compressor operatidn,
compressed air system pressure. These outputs allow a person with a general knowledge of
compressed air to assess air compresisortcycling, energy and power saving operational

changs, and the effects of four different capacity control methods.

The useful outputs allow basic plant personnel, with the right data, to complete a
thorough analysis of a compressed air systerogerationaknowledge purposes as well as
mainterance and esrgy saving purpose Reduction of compressed air leaks, reduction of air
compressor dischargeessure, anohcrease of compressed air storage capacity are several

possible uses of the compressed air model.

1.4 Organization of the Thesis

This thesis iglivided into sixchapters. Chapter 2 gives an overview of previous
literature written about the performance of rotary screw air compressors and derived
mathematical models for these compressors. Chapter 3 details the derivation of several
compressed amodules for use ithecompressed air modeling system. The input of these
modules intadhe software modeling tooMicrosoft Exce] is described in Chapter 4. Chapter 5
describes the results and predictions by the mdeieklly, Chapter6 provides a onclusion to

the thesis with recommendations for future work.



2.REVIEW OF LITERATURE

2.1 Introduction to Literature Review

Despite the dominant usage of the rotary screw compressor as a versatile industrial air
compressorthe complexity of the interhgeometry as well as the nateady nature of the
processes within them has prohibited complex analytical analysesegetiitly(Stosic et al
2005). While some literature on compressor andrgsimulation exists, it most commonly
pertains to the siulation or modeling of pistenylinder type (reciprocating) compressors.
Additionally, the literature that has been published on the rotary screw compressor has first been
presented in languages other than English, making it difficutek®@arctcontiruity. The
review of literature in this chapter provides a compilation of rotary screw compressor

background, theory of operation, and calculatisethodology

2.2 Rotary Screw Compressor

Screw compressors are one of many types of compressors, allcbf avhiused for
different applications. There are two main families of air compressors, pafigpacement
and dynamic (aerodynamic), named according to their principle of operdtnenfigure on the
following page shows a collection of commerciabailable compressord he centrifugal and
axial compressors are related by their dynamic operation, whereas the reciprocating and rotary
compressors are related by their postiNgplacement operatiorPositive displacement
compressors are so namedduese these typed compressordraw a fixed volume of gaand
subsequently compress it by reducing the confined volurhe.two sub categories of the

reciprocating machine pertain to whether the piston is single acting or double acting. The five

8



different sub categories of thietary machine pertain to the mode of rotatdnhe rotary
machineas well aghe many differenbuilt in design featurethat are available on a rotary

compressar The focus of this thessoncernghe rotary screw or helichdbbemachine.

Compressors
Positive Displacement Dynamic
Reciprocating Rotary Centrifugal Axial
Single-Acting Helical-Screw Liquid-Ring Scroll Sliding-Vane Lobe
Double-Acting —

Figure 1. Compressed air family tre€DOEEERE,2003).

Although the idea for a screw compressor was timsorized as early as 1878 by
Heinrich Krigar of Hannover, the first useful screw compressor did no¢ ebout until the
early 1930s (Arbon, 1994)The screw compressor wagentuallypatented by a Swedish
engineer, Alfred_ysholm, under collaboration with James Howden & Comapany of Glasgow,
Scotl and. Lyshol més company rMaskinerd® (8RM).ual | y r
SRM now provides license for manufacture of most screw compressors for induby,

1994)

Screw compressors remain a common type of air compriessseveral reasons. Firstly,
there is a limited number of moving parts, mgialpair of meshing rotors. Additionally, their
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relatively high rotational speeds make them attractive. This is because of their compactness,
ability to maintain high efficiencies over a wide range of operating pressures and flgwamdtes
their long sevice life and high reliabilityfStosic et al., 2005)The figure below demonstrates

the head versus volume flow rate relationship for several different kinds of compressors. The
rotary screw operation range falls in between the operating range otithcating and axial

type compressors, where a fairly constant volume flow rate can be suplieddat range of

pressure ratios.

Buneaoadisat

Head, Pressure Ratio, Etc.

Volume Flow Rate

Figure 2. Compressor head versus flow rate. (Cheremisinoff & Cheremisinoff, 1992).

As was menbned earlier, the focus of this thesis is the rotary screw compressor.
Although a single screw compressor does exist, the majority of the industrial gas compressor
market revolves around the twin rotary screw compressor. The twin rotary screw conspressor

are scnamedbecause they contain tvitermeshing rotors, both in the shape of a threaded
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screw. These two single units aiuallycontrolled by asingle driver, most commonbn
electric motor(Hanlon, 2001) The figure belows shows the screw geamand airflow path

through the compressor screws.

Ll 0 Port areas
T

[ R

| W}Ef

w ! p L
Discharge Discharge

High pressure cusp

Intake port Female interlobe  Motor assembly Male lobe

el o

Female screw  Male screw

Figure 3. Screw compressor geometry. (ASHRAE, 1992).

The two rotors are termed fAmaled and Afemal eo
reactingmeshedotor (femde). In the first stage of compression, a small volume of gas is taken

in at the inlet portvhere a gap exists between the casing and both rot@rsotation occurs, the

space between the rot@sd the casingealsoff after disengaging from the inlport. The

screw compartments are progressively reduced owahidng axis to the discharge port. As the

gas is continually forced through smaller and smaller compartments, the volume is reduced while
the pressure increaseshe mode of operation of thietary twin screw compressor is established

through volumetric changes inree dimensiondistinguishing it from that of thpistoncylinder
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device which uses only two dimension to achieve the compresgibthe end of rotation, the
opposite ends ohe rotors pass the gas through a discharge port where the gas is delivered at the
desired discharge pressufieotation of the rotors means that a fresh volume of gas is being

drawn into the meshed screw compartments continually. Stbald2005)notet hat , A The
whole process is repeated between successive pairs of lobes to cordteumuas but pulsating

flow of gas from low to high pressuce

Il n Pet er IAdustri@ Golpressotgl®33) much detail iprovided to describe

the differencedetween théwo types of screw compressors:

It is important to note that there are two very different types of

screw compressor, the oil free or dry type and the oil injected or

wet type. The characteristics and designs of each are so different

that they &e, in effectentirely different compressars
He goes on to say that since they both use the exact same prfcipkration an absolute
description of each would require a repetition of the disonssi these principlesThe next two
sections befly describe some of the main differences in thdreg and o#flooded rotary screw

compressors. The focus of this thesis remains to hehtyyscal and thermodynamic behavior of

theoil-flooded twin rotary screw air compressor

2.2.1 Dry Rotary Screv Compressor

Dry rotary screw compressors, also known agreg screw compressors, are so named
because the gas undergoing compression does not come into contact with any lubricant.
rotary screw compressors are utilized in industries where coredragswith absolutely no oil

contamination is required. Typical industries utilizing dry rotary screw compressors are
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pharmaceuticals, higpurity chemicals, brewing@nd food processin@loch, 2006).Dry rotary

screw compressors therefore require uaigesign in order to serve such specific applications.

Accordi ng(199® {i6éNehiel Ibeari ngs, gears, etc. a
way but the lubricated components are isolated from the gas handling areas in the coxmpressor
The clearances dhe rotating compressor parts must be larger as a result, since contact between
the moving parts at such high speeds would cause severe heatingan@wedre i | | al so t €
t hat @Al n or de-contacting eperatianriseachtevedthe ratoosiidgied with
precision timing gears and laied axially by thrust bearingsThe result of a dry compression
compartment is that very high temperatures are achieved during the compression p@rcess.
this reason, all oifree screw compressors are desid to operate at very high discharge
temperatures. Discharge temperatures aroune?2380C (464482°F)occur if a cooling jacket
is used. If a cooling jacket is not usddscharge temperatures around 200°C (392°F) are
expected O6 Ne i I. Asa reul®d dbtpining higher discharge temperatures, théesl

screw compressors are limited in their ability to provide high compression ratios.

Some consequences of operating atireg screw compressor are the laflcapacity
control optionspoor lowspeed performance due to larger clearances and the resulting leak back
through the rotor and casingnd high noise levelsAlso of concern with back leakage flow is an
increasing discharge temperaturelerlow speedperation Oil-free rotary screw gopressors
require significant adén costs for essential components that handle the lubricating oil. An
external heat exchanger is required to cool the lubricating oil. Stbaiq2005)tellt hat A The

oil-free machine requires an oil tank, filteaad a pump to return the oil todhbearings and
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timing geard These components increase the total cost of tHeegilmachine, so much so that
the oilflooded compressor is more economical than thér@d compressorMany air
compressor manufacturarew offer these addns as part of a package. All of these essential
components are included in one package mackiezethey are housedhside of the
compressor package cabingétike the oilfree rotary screw compressor, thefimloded rotary

screw conpressor often comes packaged as a single unisatescribedn more detaihext.

2.2.2 Flooded Rotary Screw Compressor

Oif ] ooded rotary screw compressors,, also kr
are significantly more commandustrial rotaryscrew compressothan the oilfree type Many
industries have little to no concern over contamination by small concentrations of oil in the
compressed airThe advantages of injecting oil along with the gas undergoing compression are
many and thereforine characteristics of compression are completely changed. According to
Ob6 Nd1993) i Oi | i njected screw compressors are s
being compressed, is discharged from the compressor in a mixture with the gaghand
removed from the gas before it leaves the compressor@di N €1i993)also points out that
the addition of oil Aéi ncreases the pressure
compressor design, allows the incorporation of variablaagpcontrol for certain applications,
provides virtually total temperature control and reducesptessor speeds and noise lexels
So, although oiflooded screw compressors operate in exactly the same way asfiiee cicrew

compressors, they arerdered to be a completely different type of compressor.
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In an oiltflooded screw compressor, oil serves to lubricate the machine, cool the machine
components and gas being compressed, and seal the rotors and the casing. Because the oil cools
the gas dring compression, the heat absorbed by the oil greatly affects the performance
calculation of the oiflooded rotary screw compressof.o r e x a mp (1@93)caloudaté® i | |
theabsorbed power of the fiweto compression proc

Pos= rinflgcpngg +m,c, dT, (2.1
where i, is the mass flow of the oik;, is the specific heat of the oil, and g3 the oil

temperature differendd993) The fAdryo screw compressor absor!l
first part of this guation, which concerns only the temperature rise of the gas being compressed.
Throughout thédi we t 0 r o dompregsios pracessythe oil never changes out of the liquid

phase, so the cooling capacity of the oil is mudatgr than that of the g6 Nei | I., 199 3)
O6Nd1993)conf i rms that AThe injection of the oil
temperature independent of operating pressure ratio, thus allowing the selection of the

compressor operating range to be based on compressor effiaieth not onllowable discharge
temperatures. As a result, typical compression discharge temperatures are about 100°C

(212°F).

Oil-flooded screw compressors serve a wide range of applicapiarigularly in industrial
processesBecause the oil iected machine circulates so much oil, the oil must be separated
after the compression process. Unlike thefreié machine, the eflooded machine requires a
separator to split up the high temperature oil from the high pressure discharge gas. Instead of
using a pump to return the oil to the injection port, thélodded machine uses the pressure

difference from theuction and discharge tansport the oil.The other adebn components are
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similar to the oHfree screw compressor such as an extereat &xchanger, a filter, and an oll
tank. Again, the additional costs for these components are greater for-tihreeathachine than

the oilflooded machinéStosic et al., 2005)The cutaway image below shows a typical air
compressor package with inckatladdons built inside the compressor cabin@ther

advantages of the dilooded rotary screw compressor pertain to the wide array of capacity
control methods. Capacity control methods include suction throttling (modulatieaif, toad
unload, or dal control. Dual control is a combination of the suction throttling and the load
unload capacity controlEach of the compressor control methods are discussed in more detall
later. Lastly, the oil in the compression chamber helps to diminish the pmdeced during

compression.

Oil injected into the
system seals,
lubricates and
removes heat that
iz generated by
the compression.

-I-_______I:nmpressed gas
P I

Twa-stage intake gas fitter ., -

Qil zeparator
alement

hficro il fitter

i e Enmpresse-d-‘_"'“ 2o o
_ Gas Outlet 1 s ef” Oy outlet
Uil cooler Hot separated oil gas

te oil cooler hiotar
drive

Figure 4. Diagram of oitflooded rotary screw compressor and components. ("Oil Flooded
Rotary," 2010).
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2.2.3 CompressorTerms

Construction of a detailed compressed air system model requiresigfn understanding
of key terminology regarding the air compressor itself. Much of this key terminology relates to
paraneters or concepts that define the performance of an air compressor machine. Perhaps the
three most important compressor terms aeglieoretical compression workentropic
compression workisentropic efficiency, and volumetric efficiencfhese terms are explained

throughout the rest of this section.

With the known pressureemperaturezolume relationships of gas compressionjdas
thermodynamic equations can be used to derive the theoretical work for air compression. The
theoretical work required to compress a gas is governed by the isentropic work to perform this
process divided by the isentropic efficiency. The formula ferthieoreticatcompressionvork
can be seen below

w, =2
is (2.2
where w is the theoretical work, w s t he i s e n tsistheisentropiceffickencyad nd d
the gas compression process. The isentropic work for an ideal gas catidreinwterms of
either the enthalpy of the gas or the specific heat times the temperature change of the gas
w, =h, - h =c, (T, - T,) (2.3)
where h is the enthalpy of the gas at the initial state of compressigis, the enthalpy of the
gas at the fial state of compression, aggs the specific heat of the gas in a constant pressure
process. Generally, the variation of specific heats with temperature is smooth and may be

approximated as linear over small (several hundred degrees or lessterapetervals. If
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equation (23) above is substituted into equati@i), the following equation for isentropic

compressionvork is established:

=~
[N

(2.4)

=
Il
(@]
he)
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ﬂg@ goQJO
= |N
|-CO0O
=~
1
[N
1-O:0: OO

Because the constant pressure specific tyeztn be calulated in terms of the specific gas
constant R and the specific heat ratio k as seen below,

c, = _(kakl) (2.5)

the formula for isentropic work can also be written as seen here

g 8
wS=RTl—a§%8 -1
k-l + 0

¢ - (26)

To calculate the theoretical work for this process, the isentropic work is divided by the isentropic

efficiency as previously presented in equati®g)(yielding the following equation.

=
=
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The calculatiorfor the theoretical power input to the compression machine depends on the mass
flow rate of the gas being compressed. The mass flow rate is multiplied times the theoretical

work of the isentropic process to get the following formula
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where r/iis the mass flow rate of the gas being compressed garisl e theoretical power input.
Evaluation of the mass flow rate through the compressor presents a challenging phenomenon that

warrants a thorouganalysis and is discussed later in g@stion

The isentropic efficiency of an air compressor also depends on many fa&ters. O6 Ne i | |
(1993)e mphasi zes, AThe term O6compression efficie
of describing the efféiveness of a compressor, but this term is inexact in that it does not define
the reference theoretically ideal procesBor this research, the reference theoretical ideal
process is that definday equation(2.8). o@ep8)st at es t hapitefficidnbyes i s ent
the ratio of the isentropic power for the mass of gas delivered to the user over the actual power

absorled by the compressor Therefore, isentropic efficiency is defined as follows

=
=

E
i
UOR 809.)0
<[RS
-|-QDO
1
H
|-O:0: OO

=]

(2.9)

Becaus of the rotary screw compressoros sophi
mass flow rate of the gas being supplied through the compression stage can be a tedious
undertaking. In order to evaluate the mass flow through a particular rotary screimanach
specifics to rotor geometry such as wrap angles, length to diameter ratios, interlobe clearances,
and blow hole areas must all be kno@aiigfors, 1982 If the exact rotor geometry is known,
the actual volume which is drawn in during the ratiocton processknown as the swept
volume can be calculatedBloch (2006)demonstrates that one revolution of the main helical

rotor transmits one unit volume of gas, in units ofcubic feet per revolution. Then, the
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theoretical volume flow,  can be alculated in units of cubic feet per minute for a compressor

running at n revolutions per minute, so that

Q, =nq, (2.10)

The area for leakages back through the rotors must be determined to evaluate the total or
resulting mass flow rate se through the compression stag@lumetric efficiency is the
common parameter used to evaluate the performance of an air compressor in relation to these
|l eakage pat hs. (1998)c oif Al i chegyf it i tO6dNre i d tthe ratiodf u me t r |
the volume actually delivered by the compressor compared to the swept volume (also known as
the displaced volume or theoretical volumelRetermining the leakage rate obviously becomes
adifficult task. Because the design of the rotary screw compresswoitp no metal to metal
contact of the compressor rotors, clearances between theantbcasing are a necessary design
aspect, whichallows for proper wear of the air compressor. They do however affect the
performance of the compressor to some degteé. N €1i993)theorizes that four paths exist for
gas to leak due to the pressure difference across the compressor. These four paths are the area
between the meshing lobes, the area through the blow hole, the area across the rotor tips, and the
area amoss the rotor discharge end face. As BI006)verifies, the actual volume flow rate
Qais lowered by the volume flow lost through slippages The actual volume flow rate is
defined here

Q=0-Q (2.12)

where Q, Q,, and Q are in units of cubic feet per minute. Additionally, Bloch confirms that the
volume flow loss occurring through these small areas depends on several factors including the

total cross section of the clearances, the density of the medium being haredtEmmgression
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ratio, the peripheral speed of the rotor, and the-buitt v ol u me 1(1993)statesthatO6 Ne i |
realistically the leakage paths in a rotary screw compressor are all a function of the clearance

times the diameter as shown by the relatigm$or flow through a restricting orifice below

Q, =C,AJDP (212

where Q is the volume flow lost via component slippagegisa flow coefficient for the

particular orificeclearance relationship, A is the total cross sectional area ofetliances, and

P is the pressur e (2008 Ad thimrelatianshigghowsiQgis defderant a n c e
uponthe volumetric efficiency of the rotary screw compressor, which is itself dependent upon

the operating discharge pressuBtoch (2006)provides that the calculation for volumetric

efficiency is attained by the following relationship based on the terms derived above for the flow

calculation:

>

I
Ol

I

=
Lo

(2.13

The rate at which the mass flow of the gas leaks througle $reall clearances depends
on the density of the gas, the speed of compression, the compression ratio, and the built in
volumeratio. It is apparent that more leakage would occur for a gas in a high density state than
that of a lower density state. Algba gas is being compressed at a faster rate, it would have less
time to leak back through the individual clearances. Therefore, a higher compression speed
would indicate less leakage. The compression ratio is also a determining factor in the leakage
rate, because compressing a gas to a higher pressure ratio creates more of a pressure differential

between the individual screw compartments. At higher pressure ratios there would inevitably be
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more gas leakage flow. As evidenced from the figure bel@hgeh discharge pressures

significantly decrease the volumetric efficiency of an air compressor.
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Figure 5. Volumetric efficiency for low and high discharge pressure. (O'Neill, 1993).

Additionally, it is also apparent that for ail-flooded screw machine, the leakage of the
gas being compressed will be less than that of aine@lscrew machine. This is because the oil
acts as a sealant for the small clearances throughout the rotors and its casing. The above
relationships demustrate that if for the same working discharge pressure, a decrease in the
atmospheric pressure would increase the compression ratio and decrease the volumetric
efficiency of a compressoHH o we v e r , (19€Binidles thelpoitt hat AA reducti on
volumetric efficiency, as noted earlier, may not increase the absorbed power but will reduce the
isentropic efficiency by reducing the mass flow delivered and thus reducing the theoretical

isentropic power for the duty Therefore, the volumetric and isentrogificiencies
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interactively affect the performance of an air compres$ae figure belondemonstrates a

generalizedrolumetric efficiencycurveas a function of pressure ratio.

100, - Volumetric -
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Figure 6. Volumetric efficiency versus pressua¢io. (O'Neill, 1993).

Clearly, dficiencyis an often used term when referencing air compressors, which has
been shown in this sectiddo mean a number of different overlapping definitioRarticularly,
in metering the power and delivery of an aimgyessor machine, the mechanjcsgntropic
and volumetricefficiencyarecaptured For example, mechanical power may also include
requirements of an internal gearbox, mechanically driven oil pumping systems, gear meshing,
and bearing power.If used mprecisely, an efficiency term may not properly describe the aspect
of the air compressordos performance being cap
taken to precisely define the calculations used in the model to determine air compressor

performance.

23



2.3 Previous Models

A wide array of models hdseen developedl with the goalof calculating the
performance of the compressor machineanybf these mathematical models typically rely on
detailed air compressor design specificatiomsorder to perform an aarate compression
simulation. Two method®f compressor simulatiocalculationcurrently exist One method
uses logged amperage data to estimate the power consuanpdigerformancef an air
compressor. The other method usesntioelynamic and fluid principles to estimate air
compressor performanc&xamples of each method are reviewed in detail in the rest of the

chapter.

A method forcompressor simulatiorelying solely on the power draw of the compressor
to calculateparamestrs such as airflow, elérecal demand, and energy usdges become a
regular tool for a general compressed air audi@me suclsoftware model, calledIRMaster,
allows the user to enter in logged compressor twegamulatethe compressor performance.
Other similar software systems have been createsh as XCEEDwith the same goals in mind
(Curtner & .QIRMastellida,freels&t@are)tool provided by the Department of
Energy and designed by Dr. Greg Wheeler and two of his graduasatstuall of Oregon State
University. AIRMastef requires twenty four hours of hourlweraged power, volts and amps,
or airflow to determine compressor outDOEITP, 2008) The hourlyaveraged data for the
compressor is fitted to the performance peofior each air compressor in the system simulation

where the software progratomputeghe outputs The main purpose of AIRMasteis to

Afenabl e auditors to model existing and future

from energy efficiencyneasures with relativelshort payback periods ( Was hi ngt on
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University Cooperative Extension Energy Program [WSUCEEP], 2000fct, AIRMastet is
most widely known for the simulation of these common energy efficiency measuatesas
reducing disharge pressure and reducing air leakise screenshot belowews the energy

efficiency meastes available for evaluation within the AIRMastsoftware program.

. Energy Efficiency Measures il

File Calculators Help

Qlﬁlglﬂl @lil Copy EEM Scenariu:ul Life Cycle | Flesgltsl Cloze |

. : = -
gj:::: :::I':i ;::::::_I j EEM Scenariu:ul Scenario #1 ﬂ
Data Entry T Savings Summary
Description |ElE=E e Gk Ri?j::éw Daéaetlizids
DEMAND SIDE Reduce Air Leaks ¥ |1 ¥| .| r
Improve End Use Efficiency v IE _I I
Reduce System Air Pressure v IE _I r
SUPPLY SIDE Use Unloading Controls  [v i - _I r
Adjust Cascading Set Points [V IE _I I
Use Automatic Sequencer |v IE _I r
Reduce Run Time v m _I r
Add Primary RBeceiver Yolume= v Iﬁ _I I
* pallable only if ar storage capacity was entered in the zpstem module. Yisit the swstemn module to edit this walue.
Only lubrizant-injected ratany zcrew comprezzors with unloading contralz will benefit from adding recerer volume.

Figure 7. AIRMaster+ software energy efficiency measures. (DOEZDBS8).

Of i mportant notiginténdedto madel airfiow bnid Msaosiatesl electrical
demands as seen by the supply side of the system. AIRMdsésr not model the dynamic
effects d the distribution and end use@VSUCEEP, 2000) Typical users of AIRMastér
include distributors of compressed air equipment, compressed air system auditors, utility

engineers, and plant engineers.
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Other methods of compressed air simulation rely solely on the thermodynamic and fluid
calculations occurringuring the compression procegaujiwaraet al. (1984ompiled me of
the first computemodels to perform these calculatiorfaujiwaraet al.(1984)incorporate
geometrical characteristics such as volume curve, sealing line length, discharge pettarea
develop the calculation for the performance of anmpdcted rotary screw compresseithin
their model The inputs for this computer program consist of very specific machine design
parameters such as bldwle and discharge port areas, odiemeters of male and female
rotors, the rotor length, heat transfer coefficients and surface areas for air to oil heat transfer,
sealing line lengths, centér-center distance between the rotor axes, torque, etc. Sinca only
design engineer for an aompressor manufacturer would have knowledge of and access to
these parameters, the results obtained from such a model depend highly on the specificity of the
inputs. Subsequently, Fujiwarat al.(1984)did simplify some aspects of thenodel to help
simulate the behavior of the compression process. For example, the working space model
pictured on the following page was used to simulate the leakage flow rates into and out of the
compression cavity. Although Fujiwaeaal.(1984)attempted tanodelthe screw compressor,
they usedthe desigrcharacteristics of a reciprocating compressor to asdise performance

calculations.

Fujiwara and Osad@d 995)developed another performance analysis, which also analyzed
flow and heat transfer characteristidshis computer simulation model found a relationship
between the volumetric efficiency and the inlet temperature, where the heat transfer and flow

coefficients were determined.
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Figure 8. Compressor working space model. (Fujiavat al., 1984).

As a resulttheir analysis providga prediction for optimum rotor shape. Once adaijiwara
and Osada (1995) utilizede analysis of the heat transfer in theflmbded rotary screw
compressofor dictaing performance:

Heat tranter between gas and oil is especially important. In a

suction process, gas is warmed by Higimperature oil, and

consequently the compressor performance goes down. On the

other hand, the gas temperature rises in the compression and

discharge processesdithe gas is generally cooled by the injected

oil, thus reducing power consumption
Fujiwara and Osad@ 995)provided the description of the model of the working space as in

Figure7. Because no information existed concerning the heat transfer atha @as to oil heat

transfer, an approximated relationship was produced.
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A=V, (2.14)
where A is the heat transfer area angi®/the displacement volume per one pair of male and
female rotor groovef-ujiwara & Osada, 1995)Thedesgn of a new rotor profilavas
incorporated for estimating the improved efficiency of such prototype compre3smsesults

were evaluated against experimentally obtained aladaare presented below.
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Figure 9. Experimental vesus calculated volumetric and adiabatic efficiencies. (Fujiwara &
Osada, 1995).

While Fujiwaraand Osada €1984)computer simulatiofiocuses onthe detail necessary
to developa completely theoreticahathematical model, SangfdE982)documentedn
andytical modelin combination with an experimental setup to simulate helical screw machine
performance.Sangforg1982) workingunder the Svenska Rotor Maskiner AB compamny
Stockholm, Swedermeveloped a numerical method for prediction and analysig-free and
oil-flooded screw compressor performan&@angforg1982)developed his model with reduced
experiment al costs due to Athe calculating ca

amount of laboratory tests and experience that Svenska Raskiner AB has gathered during
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all the years since the screw compressor was invented by Alf Lysh&angforg1982)omits

much of the details of the equations of the developed analytical inatied particular paper

except only to give the formSangforq1982)st at es t hat @A The physical
these processes are arranged to a set of interrelated differential equation$lmpuoypdss and

enthalpy flows between control volumes. These equations are of the form

dx _
e f(x,u,t) (2.19

where X is a vector of state variables, u is the system inputs, and f i®aofeainlinear state
functionso Results showing the volumetric and adiabatic efficiencies for varied oil injection

flow rates with three different male rotor tip sgsere provided below.

Volumetric efficiency Adiabatic efficiency
Nyo1 (%) Male rotor Nyq (%) Male rotor
100.4 tip speed 100 - tip speed
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Figure 10. Computer simulated performance of anftmbded air compressor. (Sangfors, 1982).

S a n g 11882)sesults show that the volumetric and adiabatic efficiencies are relatively
constant but dancrease with rotor speed and oil injection rate, which is expettedoes

address that many of tlsame machine desigrarametershat Fujiwara& Osada (1995)
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discussed had to be considered for the model such as clearances, rotor profile, lengttéo diam

ratio, lobecombination, oHinjection rate, and viscous losses.

This modeling technique was also exploredSliygh and Pat€l1984)of IngersoltRand
Research, IncTheir paper describes the generated computer program that accounted for all
leakags, viscous shear losses, oil cooling, and inlet and discharge I&&ses.gh and Pat el
(1984)model made use of some empirical coefficients, which were developed through extensive
testing. Of main importance, their testing helped to determine coefiet@nmprove
calculation of heat transfer due to the presence ofltieychose to refer to their computer
program as fAgeneralizedo due to the fact that
most rotorprofiles and a broad range of desigl @perating conditionsThe Singh and Patel
(1984)model utilized the following relationship in their computer program to determine the heat

transfer taking place between the gas and the oil:
(ﬁ: 69&15: H\/(Toil - T) (216)

Where@

sasf€presents the heat transferred from the gas to the oil, H is theegals heat transfer
coefficient per unit volume (empirically determined), V is theity volumeat instant t Ty; is
the oil temperatureand T is the gas temperature in the cavitiie model also determined the oil

temperaure from the relationship below

dr, il - 6gas +F d
oL = 21
dt MF_.c 217

oil ~oil

whereF ;represents the power used by the shear Iosh#gsis oil mass flow rate, and; is the

specific heat of t& oil. Theirmodel produced results for five different compressors, some from

the authorés company and some from their comp
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covered a wide spectrum of rotor sizes, length to diameter ratios, interlobe clea@ncép
clearances, and male and female rotor combinations. Their results documented the brake
horsepower (BHP) per 100 cubic feet per minute (CFM) for each of the five compressors, where
the results for the computer model and the tested fell wither@&pt accuracyAdditionally,

their results provided an estimate of the flow and power lossésafages such as intkbe,

blow-hole, end wall, rotor tip, oil, and preheat.

Singh and Bowma(iLl986)also produced study specifically focused on heegartsfer in

the oilflooded screw compressor. One of the several important igsateSingh and Bowman
(1986)addressed in their documemas the ambiguity associated with measured discharge
temperatures

Heat transfer estimates obtained from gas digehamperature

measurements include heat transfer both within the cavity and that

within the discharge passage up to the measurement point. The

latter is normally a large fraction of the total value. In addition,

gas temperature measurement in the piEsehoil is a very

difficult task since the sensor is more likédymeasure the

temperature of oil than the gas
Significant effort was made to analyze the quantity of oil injected, size of the oil droplets, the
injection point location and direction tife oil droplets, the injection velocity, and the droplet
trajectories.The results showed that an atomized oil droplét 1, 0 0 O irediameter, &4 i n)
opposed to a 100 em oil droplet diameter, res

estimated savings were produced in agreement with the limited test data available to the authors.

The table below shows thestdts of the three simulated cases.
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Normalized

Case | Droplet Specific Bulk Discharge Tergp_-__o,F
No. | Dia. (#/M) |Power V.E. (%) | Gas *(°F) |Oil **(°F) _

1 Standard 1.0 87.6 507. 6 146.5

(Jet Injection)

2 | 1000 0.930 87.9 406.1 154. 6

3 {100 0.917 88. 0 393. 6 155.1

* - Inlet Gas Temperature = 80°F

** ~ Inlet Oil Temperature = 130°F

—

Figure 11. Effect of droplet diameter on compressor performance. (Singh & Bowman, 1986).

In 1990, Pietsch and Nowotmleveloped a thermodynamic calculation of a dual screw
compressor based experimentally measure values. irrenalysis was mainly concerned with
the effect of increasing compression efficiency through the supercharge process in refrigeration
compressors. Because the use of the twin rotary screw compressor is growing immehsely
refrigeration industry, significant improvements in compression efficiency translate to large
scale savingsThe Pietsch and Nowotr($990)model utilized a computer model, which
estimated the improvement of refrigeration capacity due to increapetcharge mass flow rate
based on experimentally determined mass flow rafégir model found that deviations between

calculations and measurements were on the order of 5 to 10 percent

Stosig Milutonovic, Hanjalic, and Kovacevid992)investigatedhe influence of oll
i njection upon the scr ew cteamaseesfamed a sigoificdni n g
number of studies on screw compressor simulation atwtiently still producing these studies,
publishing many papers along with theifhe purpose of their moddeveloped in 199%/as to
vary the oil droplet sizef the oilflooded rotary screw compressor. The amount of oil and

exposed surface area of thisdillectly affectthe gas to oil heat transféubrication, sealing, and
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cooling within the compression proce&Stosic et al., 1992)All of these factorsubsequently
affect the performance calculatidor an oitinjected rotary screw machin&tosic and his team
were some of the first to utilize a compugeded design (CADappoach to handle the
mathematical modeling within a compressed air simulation for design and optimiZatasnc
et al. (1992pffer a unique perspective in thpsrticular studyin the discussion of the
consistency of a mathematical model to describeptessoperformance:

Major, still unresolved, differences among various models appear

in the approach to the modeling of various accompanying

phenomena, which cannot easily be represented by general

analytical formulations, such as fluid leakage, oil ¢tifn, heat

transfer between gas on one side and screws and compressor

housing on the other, and others, which influence to a large extent

the final performances of a real compressor. Because of these

uncertainties, mathematical modeling and computerlation

have their limitations and the final answers have to be obtained

eventually on a test bench in a laboratory
This analysis, like most of the recent modeling literature on screw compressor performance,

computes the thermodynamic compression amaly@ng the angle of rotation of the compressor

working volume such as seen below.

dUu . &dmg .édm() dQ dw

—'ae—O'mnae— T

da da +, cda +, da da (2.18)
where U is the internal energy, U is the angl

is the heat transfer, W is the work, and subscripts in and out denote control volume inlet and
outlet, respectivelyStosic et a] 1992). Themain disceeries for the analysis proved that the
temperature of the oil closely follows the gas temperature during the compressor cycle, except in
the case of very large oil droplet sizes. Additionally, they found that the oil to gas mass ratio and

the oil viscodly have a small influence on the compressor pro&@&ssic et al., 1992)
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Kovacevic, Stosic, and Smi{@002)have produced further work more recently on
numerical simulations of fluid flow and solid structure in screw compresddrsirdevelopnent
of a3-D computational fluid dynamic (CFDumericalmodelof fluid flow and solid structure in
compressorgsore accurately determis&actors affecting power consumption such as dynamic
flow losses and leakage and oil flow d&gpvacevic et al 2002). Oneof the important
findings of the study determined that #Athe pr
deforms real rotors by an amount, which is similar in size to the compressor clearances
(Kovacevic et al., 2002)These additional cleararg;ereated through rotor bendirigwer the

compressor efficiency because of the resulting increase in leakages.

In 2007, SeshaialSubrata, Sahoo, and Sudédveloped a mathematical model of the
working cycle of an otinjected twin rotary screw compigs. The model was developed on the
basis of the laws of perfect gas and standard thermodynamic relations. Heat transfer coefficients
required forcomputer simulation were experimentally obtained. The results were validated with
experimental datbor bath air and helium as working fluidsThe mathematical modséparates
the calculation into three phases, whichtagesuction, compression, and discharge processes.
Additionally, the leakage and heat transfer calculatwereperformed so that the efencies
can be estimatedl'he variation of volumetric efficiency with respect to discharge pressure was
determined, where the results show that the-gfop volumetric efficiency at higher discharge
pressures is negligib(@&eshaiah et al2007). The variation of the adiabatic efficiency was
larger at lower pressure ratios, however, there exists an optimum pressure ratio to yield the

highest adiabatic efficiency (Seshaiah et al., 2007).
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In 2009, ZhangCai, and Kongntroduced a newly proposed tamlled air power as a
guantitative standard of energy in compressedAacording to Zhangt al.(2009) the
available energy of flowing compressed air, which represents the energy that can be theoretically

converted into mechanical energy, can be esq@e as follows

E=PVin PB 219

a
at the atmospheric temperaturehe analysis yielded a measure of the overall energy efficiency
of the air compressor and the aftercool er.
the motor eficiency. Thestudy showed that the overall energy efficiency of the compressor and
aftercooler was on the order of 60 to 70 percent, which decreases slightly with increasing

discharge presse (Zhang et al., 2009).

Fleming and Tanl1995)focused theiresearch on the importance of leakage in a helical
screw compressor and its applicattorperformance improvementheyidentified six separate
types of leakage paths, five of which have a geometry that varies periodically. Addititrelly,
confirmedthath The pressure difference driving the
(periodically) and does so in a manner that istinetsame for every leakage pafRleming &

Tang, 1995).The six leakage paths are as follows

The contact line between theala and female rotors

- The sealing lines between the rotor tips and the housing bores

- The cusp blow hole

- The compression start blow hole

- The clearance between the end plate and the rotor end face at the discharge end
- The clearance between the end platethedotor end face at the discharge end
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The figure presented below shows some of the leakage paths.

Discharge end face I

Discharge 4
) port o 4

.‘
EEE - { &
U e, P\ B ©

Path 1
R 7/

4
4
4
Female rotor

s T /ﬁm P

Suction end face

Path 3

Figure 12. Screw compressor leakage paths. (Fleming & Tang, 1995).

Theirfocuscentered oithe simulation of a twin screw refagation compressor. The six
different leakage paths were ranked according to their contribution to their impact on

performancéFleming & Tang, 1995)

2.4Compressor Controls

Several different methods are used to control the flow ousisd known as @ecity, of
oil-injected rotary screw air compressors. For obvious reasons, compressors must limit their
supply to a compressed air system in ordgrévent the buildup of pressure under low
compressed air demand periods. However, a secondary bemefihpoessor capacity control is
associated witlthe relationship betweereduced or no flow outp@and energy inputFrom

equation(2.8), the lower the mass flow rate is dropped, the less work input is required by the air
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compressor to perform its dutso, as the different capacity control methods manage the
necessary or required compressed air flow, the compression power that is required is modified.
The capacity control methods presented in this section are b @@tartstop), loadunload,

moduldion (suction throttling), and modulation with unloading

The capacity control method called-off is considered the ideal compressor control
method. This is because in anaiff control scheme, the compressor is able to meet the desired
supply of compessed air at the specified system pressure under full loading conditions. Once
the compressor satisfies the compressed air demand at the required system pressure, the air
compressor fully shuts off using no power to turn the shaft, run cooling fansoeticat the
maximum energy savings are accrued. Although this is considered the ideal compressor capacity
control method, it is not at all a practical method for controlling the use of an air compressor for
several reasons. Running any type of comprdaasan oroff control method would requira
very large receivetankto provide enough compressed air storage capacity for shutdown.
Additionally, starting and stopping of motors produces power surge and increases wear due to
overheating. As a resulestrictiors existonthenumber of times an electric motor can be
started in any one houihe performance profile displayed the following pagehows the
percent full load power versusetipercent capacity of airflofor an onoff control method It is
important to note that the air compressor never operates on the middle of the dotted line in real
practice. The only operation occurs at the full loading and no loading points. The controls for an
onoff machine allow that when the pressure in a casged air system drops below the

minimum pressure set poingPthe compressor turns on from its off (stop) setting.
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Figure 13. On-off compressor flow control performance profile. (Bessey, 2001).

Once the compressor is in @a (start) mode, the compressor should theoretically be flowing its
full rated flow at the desired discharge pressure. However, by direct observation it is known that
it takes some small amount of time (t) for the compressor to get to its maximum speed)

Until the entire volume of the compressed air system reaches the desired maximum pressure in
the system &, the air compressor continues to perform work on the atmospheric air entering the
machine. Finally, when the compressed air systemasl filith air at the desired system

pressure E, a pressure switch in the receiver tank signals the air compressor package to turn off
(stop) completely. The air compressor package will again stay off until the pressure in the
compressed air system, sjfeally the storage tank, falls below the minimum desired pressure.
The compressor will then start and will continue the described cycle for as long as the

compressor operates under this control method.
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Typically a pressure tap (switch) in a compressedtorage tank operates in conjunction
with thesystempressure setting<sys which is being observed (sensed) from the air tank in the
compressed air system is the pressure in the compressed air system. Its value is generally
determined from a partidar piece of equipmedts o0 p eequeemments fpcompressed air of
an establishedressurdor its ability tomeetthee q u i p me efficersy. Bassthe
maximum desired air pressure in the compressed air system. Its value is generally el@t@rmin
maximum allowable pressure for a particular piece of equipment or the air compressor maximum
design discharge pressure. Howevgg,dPan al so be determined by ad:¢
to the R, in order for the compressed air system to experiamoedest but practical pressure

control range.

The capacity control method called leadload is considereal more practical
compressocontrol method.In aload-unloadcontrol scheme, the compressostidl able to meet
the desired supply of compressed air at the specified system pressure under full loading
conditions. However, mce the compressor satisfies the compressed air deahérarequired
system pressure, the air compressmes not fully shut offinsteadthe compressor opens a
valve, so that the entering air is discharged to atmosphere. The compressor is no longer working
against theestablishedystem pressure. Becauso air is being compressed, there is no
compression work required. Therefore, the only power used by the air compressor package is
the work required to turn the rotors and run the cooling fdf@: several reasons, the lead
unload compressor controlatiod is considered more practical than th@fn The loadunload

control scheme requirdswerfull starsand stog of the motor. This helps to prevemwer
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surge and increadavear due to overheatinghlso, less time is required for the motor &t gp
to full turning speed, since the rotors never actually stop turiihg.performance profile
displayed below shows the percent full load power versus the percent capacity offairéow

load-unload control methad
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Figure 14. Loadunload compressor flow control performance profile. (Bessey, 2001).

The controls for a loadnload machine allow that when the pressure in a compressed air
system drops below the minimum pressure set pginttie compressor turns on from its
unloaded setting. Ordhe compressor turns on, it operates in what is called a load mode. This
load mode is exactly the same as the on mode in Hodéf @ontrol method. Again, the
compressor should theoretically be supplying its full rated floweatlisired dischargegssure
but it is known that it takes some amount of time for the compressor to get to its maximum
turning speed. When the entire volume of the compressed air system reaches the desired
maximum discharge pressurg:Pthe switch irthe receiver tank signals the compressor package
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to unload. This part of the controls is the only difference betweemntb# and thdoadunload
controlmethods. The air compressor package will typically unload to anywhere from 40% to
70% of its fullload package power in this state. In the unloaded state, the compressor is
discharging the intake air to atmospheric pressure, essentially performing no work on the air
enterirg the machine. Theretigpically a certain amount of time, called blow dowme, which

is required for the compressor to achievédutly unloaded stateDuring this timespan, the
dischargeport is opened slowlthrougha valvein order to rekeve stress ocompressor par@nd
prevent foaming of the sump oiThis slow reliefof stress helps to prevent damage to the
compressomner workings Many compressor manufacturers requig®aecond blow down

time in order to achieve this process. This means that the minimum time between loading cycles
for a compressor would ¥ seonds as long as system pressure requirements areAftet

the blow down time period, the system pressure begins to receive the signal from the compressed
air in the storage tank. If at this point the pressure in the compressed air system is bBlgw the
the air compressor will load again. If the system pressure is abovg,thigeRair compressor

will stay in the unloaded state. The described cycle will continue for as long as the compressor

package operates under this control method.

The capcity control method called modulation, also known as suction throttling, is also

considered a more practical compressor control method thafi.oln a modulation control

scheme, the compressor is still able to meet the desired supply of compreaséueaspecified

system pressure by throttling the flow to the system. Once the compressor satisfies the start
pressure of the pressure control range, the air compressor uses a butterfly valve at the inlet piping

to begin closing off the flow through tltempressor suctionlf the pressure in the system
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continues to rise, the valve closes more and more. On the other hand if the pressure in the
system begins to fall  (1993hdescribesthe ghysiospoethes mor e .
modulation flow contrbmethod:

As the suction is throttled, the compressor mass flow is reduced

and therefore the power should fall. However, at the same time the

suction pressure is reduced thus causing the compressor operating

pressure ratio to increase which causes tiveep per unit mass

flow to increase. The final result is the combination of these two

functions
Becausehe flow through the suction is being reduced, the amouait deing compressad
reduced. As a resulesscompressioiis work required.Modulationcontrols usually allow for a
compressor to operate down to about 70 to 80 percent of full load poweno flow This
makesthe modulationcompressor control meth@dpractical control method, sinsemeenergy
savings are accrued in perioddaf demandout the compressor does not experience frequent
starts and stopsThe performance profile displayed the following pagshows the percent full
load power versus the percent capacity of airflow foraaulationcontrol method

In periods of ery low demand, pure modulation controls are not able to prevent pressure

buildup in the system, since the inlet valve that is being throttled cannot completely close. As a
result, many industrial facilities utilize modulation with unloading controlsoAhown as dual
controlor low-unload contrglmodulation with unloading controls allow for a combination of
both inlet modulation (suction throttling) and leadload controls. In a modulation with
unloading control scheme, the compressor is able to imeelesired supply of compressed air at

the specified system pressure by throttling the flow to the system to meet the compressed air

demand.
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Figure 15. Modulating compressor control performance profile. (O'Neill, 1993).

Like the pure modulation controls, the compressor satisfies the start pressure of the pressure

control range and then uses a butterfly valve at the inlet piping to begin closing off the flow

through the compressor suction. If the pressure in the systemussito rise, the valve closes

more and more. On the other hand if the pressure in the system begins to fall, the valve opens
more. Different from pure modulation, modulation with unloading controls only allow for a
compressor to operate down to about@®00 percent of full load power. Once the compressor
reaches dAfull modul ati ono where the flow cann
just like the loaelnload controls. The point where modulation stops and unloading begins is

usually terned the unload pointLike the loadunload controls, the modulation with unloading

controls allow blowdown until the compressor reaches about 40 to 70 percent of full load power.

At this point no air is being compressed but just discharged to the ater@spline modulation
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with unloadingcompressor control methaslthe mospractical control methodecause of the

tight airflow and power management unique to its operation. The benefits of this control method
include the accumulation ehergy savinge periods of low demandAdditionally, decreased

wear occurs because of fewer loading and unloading periddsperformance profile displayed
below shows the percent full load power versus the percent capacity of airflow for a modulation

control method
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Figure 16. Modulation with unloading compressor flow control performance profile. (Bessey,
2001).

2.5Review of Literature Summary
As has been discussed in this chapter, the
operaional characteristics make it a universal air compressor for industrial applications.

Because of the air compressordos i mportance to
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methods have been developed in the last 25 y&disle most of these sinlations are geared
towards applications with the reciprocating compressuy, antil recently have rotary screw
compressor simulation methods begun to use complexesrgiug analyses using methods such

as CFD models. The information and publicatiorespnted in this chapter are a small piece of
the overall research geared towards improvements in engineering of industrial air compressors.
However, research is much lacking in the simulation of compressed air systems as a whole,
which concerns the air ogpressor itself and the compressed air storage and equipment that the
air compressor suppliegdditionally, much of the research concerning the rotary screw
compressor pertains to highly theoretical studies on design and behavior of individual parts of
the rotary screw air compressor. Teficiencystimulates the need for a general tool, requiring
relatively basic inputs about the compressor and the system, which can be used for evaluation of
compressed air system performance. This thesis buildstbp@urrent methods for compressed

air system simulation while taking a novel approach to compressed air system simulation.
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3. COMPRESSOR MODEL

3.1 Introduction to Compressor Model

The goal of creating a reliabt®mpressd air systenmodelrequres complex study of
pertinent parameters/Nhile the physicsf the air compression procem®widely known, the
complexity of the rotary screw machine presents several challGrgascurate evaluation of the
performance of a rotary screw package caeagor. Additionally, the actual compressor package
is only one of many parts that make up a typical compressed air sy&tetysis of the
behavior ofacompressed air system under different demand loads and control methods
necessitates a simplified cpnessed air model, becaws®y relevant engineering and
thermodynamic analysis sficha systenrequires major assumptions. Without these
assumptions, the possibility of obtaining consistent@adticalresults is not possiblelhe
modern techniques f@roducing hese results oblige implementationtioé model intoa
computer simulationThe compressed air system relationships that follow throughout the
chapter originate through derivation of the fundamental relationships for gas compression as well
as the consideration for this computer simulation technique. In every way possible, these
relationships were provideda@b asi ¢ | ev el i namedeat ebatdasampbaea
to simulate behavior of a compressed air systEor.parameters thare not obtainable from
nameplate data, field testing will provide the best method for acquisition of these inputs.
Included in this thesis is the proposal for the parametdnsh may betbe obtained in the field.
Actual protocol for conducting theéield tests has been recommended as future wbir&nsient
behaviorof all compressed air systenssthe majoiconcernn evaluating compressed aiystem
relationships as a function of tintea model The four relationships useddescribe

compressedir system behavior adgerived throughout this chapter.
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3.2 Fundamental Relations

Thethermodynamics of gas compressampoftenderived from aranalysis of the
positive displacement reciprocating (pistoylinder) compressor. Because rotary screw
compressors are also positive displacement machines, the basic analysis for the theoretical power
calculation required to compress gas from afrhesic to discharge pressure appt@e$foth
reciprocating and rotary screw compressdrse thermodynamic anais of the reciprocating
and screw compressor will be addressed in detail throughout the following clfaatieer than
provide acompletethermodynamics review of géswvsand pressuréemperature/olume
relationshipsthis chapter will provide the bagkound to equations relevant to design of the
compressed air modeT he theoretical compression work and compression efficiency taens

used as those derived in Chapter 2.

3.3Model Development
Compressed air systambeing made of several kegmponets, often experience
complex behavior. Some of the most important components of a cssagrair system that
determinghis complex behavior are the ammpressor,the oil separator tank, the aftevoler,
the compressed atoragethe filter, and th&ryer. The diagranon the following pagshows
the typical layout of an industrial compressed air systimthese components specifically
noted While all of these components are important to the fluid and thermodynamic behavior of
a compressed air 9gen, the details of each component can be overwhelming when trying to

model such a complex system.
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Figure 17. Typical components of industrial compressed air systems. (DOEEERE, 2003).

For theanalysisof this thesisthesystemis simplifiedby examining, in detailthe
thermodynamidehavior ofonly theair compressor and thrempressed astorage.By
assessinghesetwo essential componentieair compressor and theosage, the basic behavior
of a compressed adystem care simulated through sevefahdamentatelationships.
Beginning witha conservation of massudy, the observed ontrol volume for this analysis
consists othe air compressptheair receivergtankg, and thepiping. A diagram of the

observed conttorolume is shown below.
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Figure 18. Compressor model control volume.
Thetwo driving parameters of this moeel control volumere the system pressufgys and the
compressed air systevolume Vsys Theair compressoandmodelarealways workng to fill
the system volume at the desired system presJumaughthe conservation of mass analysis, it
is easiest tealculatethe mass of thair in thecompressed air system control volumeygnas a
function of the density ahthe system volumeT h e d e n s i tay may becalclagedbya i 1 ,
the applying thelerived relationshigeenn theequationbelow

m vV ¥y
VS = rair sys = sys
RuTeys (3.1)

where R; is the gas constant for air ang|sis the temperature of the compressed air in the
receiver tanks and piping/Vith the mass of the compressed air system known, the conservation
of mass analysisow requires understandingtbie mas$alance of the airflounto and out of

the compressed air system control volume.
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In order to accourfbr the mass balance of the airflow into and out of the compressed air
system control voluméour primaryequationsare derived tavork within the compressor model
These four calculatiordetermine the pressure in the compressed air systenpltimetic flow
rateto the system, the power required floe compressr packageo generate the compressed air
demand of theystem from atmospheric to discharge pressure, and the control method for the
compressor toegulate the flow output based on the comgpedsair demandThese calculations

are derived throughout the next section.

3.4 Adaptation of Modeling Equations

Thenext step in thanalysis of the compressed air systoounts fothetransient
behaviorof theair compressor and the compressed amandrequired bythe system.Four
primary equations argeneratedo describe the behavior of the compressed air system. These
four equations are presented in detail throughout this sedidditional analysis for some
parameters, beyond what can bedretically calculated in a compressed air model, was
warranted for thorough understanding of the relations between the main parameters considered

for each of these functions.

3.4.1 System Pressure

The diagranon the following pagshows the massdiv of airinto and out of a typical

compressed air system.
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Figure 19. Observed mass flow control volume.

The air compressor is constantly working agtiine headetweertheinlet or atmospheric
pressure entering the air comggerand the desired system pressuvhich is usually close to
the discharge pressure of the air compresadditionally, the mass flow into the compressor
and out of the compressbothdirectly affectthe compression work and pressinehaviorin the
system Therefore, heair flow demand andair flow supplyasafunction oftime areimportant
termsfor modeling the behavior of the compressed air systéhechange of mass itne

system, i, ., can be rewritten as the difference betw the mass flow of the supply gas and the
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mass flow of the demand gas. Subsequently, takimglerivative of equatiorB(l) with respet
to time yields the following

dm, V. dR

H';'*su - H;‘idem: = = —
P dt R, T, dt

(3.2)

where #,, is the mass flow of the pply airin the system andH,, is the mass flow of the

demandir in the system.This calculation assumes that the temperature of the systeiand
the gas constant,,R remain constant so that the mass change of the systenmistiar of the
change in system volume and the change in the pressure of the compressed air system with time.

By substituting the ideal gas equation into equat®?) (the following can be seen

I:)su p \# _ Pd em , - VSyS d F;VS
I:%ir-rsup P Raierem RairTsys dt (33)
where \ﬁupand\ﬁ,emare the supply volume @abmpressedir and the demand volume of

compressedir, respectively.The supply, demand, and system temperatamesll assumed to
be uniform, so that the relationsHgr the pessure in the compressed air systems follows

Pt Pt =W, 2o

sup¥sup ~ em'dem — Vsys dt

(34)
However, this broad assumption warrants a thorough analysis of the transience of the
temperature throughout the compression process. A modified relatialesimes the air
temperature byassuming that the demand and system temperatures were unifotra bupply
temperatue would be higher than themperatur®f the compressed air in the system
Therefore a more accurate way of representing this relationship is fountuibplying through

equation(3.4) by Tsysto get the equation seen below

T. dP.
sys — Sys
T Psup\?ﬁup_ I:>dem dem_\?ﬁys dt
sup (35)
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where R,pis the pressure of the supgly in the sytem and R.mis the pressure of the demand
airin the system. Additionally, equatioB.b) can bewrittento approximate the pressure in the

system for the given time using the Ex@auchy method as seen below

aT,. 0
%— : Psuﬁupt - Pdem\#demt 8
Psys(t + [I) = Psyst + Dt% =P vV o}
5 8
¢ - (3.6)
whereR{ t +a&@t ) i s t he pr aissgsiem & the next timkepand Bsppthree s s e d

pressire in the compressed gas system atttime, t. Equation 8.6) is one of the four

relationshipaused in the compressed air mbiedetermine system behavior.

Implementing equatio(8.6) into the mode&llows for accounting of theffects of heat
trarsfer during the compression proceg&gcausedhe oil in the wet (boded) rotary screw
compressors so important to the removal of he@nerated duringas compressiothe derived
relationshipallows for obsenation ofthe effects of heat transfer dmetperformance of an air
compressor. The temperatures obtained lbgththe oil andcompressedir throughouthe
compression processayibe analyzed to determine theat removed during compression and
the resulting air temperatures following compressidthentechnical datar field testings
available concerning thentering and leavingemperatures dfoththeair toair aftercoolerand
air/water tooil aftercoolers, the oil and air temperatures enteringoanty discharged frore
compressor packagnay becalculated in the following proces&or example, wh a known
effectiveness of the oil aftercool@ir-cooled type)the heat exchanger model below represents

the temperature analysaster the compression process.
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Figure 20. Heat transfer analysis of oil aftercooler (aboled compressor).

The effectiveness of the heat exchanger may be defined as the following

(r#'bp)o" (TS - T4)
(Wi, ), (s - ) 37

e=

where U is the effec t(mcy)oﬁ 13 thesflsiid heedt capabity of thead,t e x ¢ h
(r#x:p)mm is the minimum fluid heat capacity, andthrough T, represent the temperatures

described in the above figur@he sane analysis would hold if the air compressor used a water
cooled design.The airflow of the cooling aior flow rate of the watefor the oil aftercoolemust

be known, so that the minimum fluid heat capacity of either the oil or the air may be determined.
Then, the discharge temperature of oil may be calculated in order to determine the heat
transferred from the a{or water)to the oil during compressiorthe following equation

describes the calculation for the discharge temperature of tlilernithecompressqrTs.

;%— Tla:min 6

4" 8

_C c:oil -

Ts = a e 0
§_ min 8 (38)
c Coil +

The heat trasfer removed from compression cothénbeassumed to be the same as the heat
transfer removed by the oil aftercooler, which is a very approximate assumption. The heat

transfer removed by com@son is then represented by the following equation.
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= r11qbp,oil (DTy) = r#Cp,on (T, - T3) (3.9)

qreo movegcomp

As was previously mentionethis analysis assumes the discharge temperature of the oil

leaving the air compressor would be equal to the temperature of the oil entemilg the
aftercooler. In order to calculate the discharge temperature of the, aligToil sump
temperature Fmust be known for every timestep. proposed design for the temperature
calculations of the compressed air aftercoaleunld mimicthe oil aftecooler calculations.
Sincemuch of theheat exchangatesignd at a f or air compr e@snanys
compressed air systenthe temperatures of the @lr (and possibly watergndthe
correspondinglow rates would need to be fieldstedin order to integrate them appropriately to

the compressed air model.

3.4.2 Compressed Air Volume Supply

The next fundamental equation for the compressed air model relates the supply volume of

compressed air to the demand volume of compressetiawever, the supply volume of
compressed air also depends on the contrfdise air compresspwhichwere discussed
previouslyin section2.4. Forexample, a staigtop compressor that has reachedhigbest
desiredsystem pressure, will turn off. &refore, the compressor control logic indicates that the

compressor should turn off and supply no flow. Another example is theifdadd compressor.

When a loaelnload compressor meets all of the compressed air volume demand at the system

™

pressure, theompressor control logic tells the compredsay f+dbd wwo t he ctompr ess

atmospheric pressumer a specified period of time until finally no air is being compressed.
Only standard atmospheric air is being passed through the screw compgnivhéet at the end

of the blowhole isdischarge to atmospheric pressarelightly above While these two cases
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are very closely related, the case for modulating controls differs greatly. The inlet valve

Amodul at esd or adj uslflosviniothecormoppessori Whenther ea t o c o
compressor matches (supplies) system pressure i@ghieeddemand volume, the inlet valve

modulates (closes off) more towards its full modulation point. Therefore afholpower are
reducedbecause of the relatishipin equation(2.8). In addition to the variation in volume

supply due to control method, the efficiency of the air compressor in delivering the volume of air
brought through the suction phase to the volume of air leaving through the dischargeystase m

be evaluated.

The relationship for theolumetric efficiencywas derived in section23. Becauset is
so physically difficult to measure the clearance p#thscontribute tdeak backsome alternate
measures are often used to estimate theaheblume delivery of the air compressor. For
example, the AIRMaster software progra u s e s-oféa hfumibloe r el ati onshi p tc
flow loss for increase in discharge pressukecording to the Sullair data used to model the
A r wof-teh u mb @atian amAlRMaster, the capacity of a compressor decrehgd®.075% for
every 1 psiincrease in discharge pressiitge data in the figuren the following pagés
obtained fronseveralAIRMastermodelsand shows typical floactual cubic feet per mirie)
versus discharge pressurepmunds per square inch gauge for four different size air compressors
varying by 100 horsepower unit8¢¥h i | e OO6 Nei | | t rlargerconmpresss uggest
machines are typically more volumetrically efficient, the Mi&ster simulatiomeveals the
opposite This data shows the steepespsland therefore fastest drop off in capacity for the
largest 400 horsepower compressor and flatter slope for all other size compressors, the flattest

being the smallest 100 horsepowempressor.
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Flow vs. Pressure for Varied Size Compress
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Figure 21. Flow versus discharge pressure for varied size compressors.

Theoretically, the flow profile could be easily generated by measuring two points of the
compressoros operat i onteanaone ata low dischhrgegptessuddi s c h ar
establishing a straight line in between the two poilscause it is difficult to measure airflow
without the proper sophisticated equipment and significant time investment, a different approach
istaken. To snplify the model as a general tool relying on basic nameplateadsgan named
the operational volumetric efficiency is developddhe operationalolumetric efficiency

determined for this compressor model simulatieas the relationship below

Q
h =1 P2 =_<a
o = F(R) 9

r

(3.10)
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wherethe operational volumetriefficiency, 4, is only dependent upon the discharge pressure

P,. Because the inputs for this compressor model are generated from air compressor nameplate
data, the operational itometric efficiencyis defined as a function of the ratedmpressed air
volumesupply, @Q, and the actual compressed air volume supply,TQe selectedperational

volumetric efficiency calculatiors established throughamoger ovi ded by OONei | |

typical mediumsized oil injected air screw compresamdis shown in the figure below.

OperationalVolumetric Efficiency vs. Discharge
Pressure for Typical Rotary Screw Compressao
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Figure 22. Operational volumetric efficiency versus discharge pressure. (O'Neill, 1993).

With known operating discharge pressure, theatpmnal volumetric efficiency is determined by
the trenineof t he OO6Nei |l dat a. This trend is show

h,, =-0.0452P,) +91932

(3.11)
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Once theoperationalolumetric efficiency is known, the actual volume flow ratehaf t
compressor can be determinigy knowing the rated flow of compressed air and the following

equation
Qa :hov@r (313

Theactual volume flow rate should therefore be a constaira particular compressed air
systemthat only depends on the setpoint for the compressoharge (system pressure). The
actual volume flow rate of compressed air will then be supplied to the volume supply flow rate

input, which is modeled next.

The model tilizes a volume supply flow rate calculation based on the calculated actual
volume flow rate and the flow control, which is dependent on the compressor cofitnellow
control is determined by a separate function in the model. Its value is equal to 0 or 1 for the
simplestcontrolcases, Start/Stop and Load/Unloaddis between 0 and for the modulation
with unloadingcase. For the compressor model, the equation for supply volume of air is as

follows

Vip=Q, O/ (313

where Q is theactualcapacity flow rate of the package compressor machine in unashbac

feet per minute anyl is the flow percentagélow control), either 0 or 1 fothe LoadUnload

and Sart/Stop machines. The value of M is based on the compressor control scheme, the
pressure in the c¢ompr,asdshe grevimusiflowparceritaghdnto bet t i me
discussed in more detail in the compressor flow control calculafitverefore, the relationship

can be shown ikuler form as

VE, (t+Dt) =Q, M (1)

(3.14)
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3.4.3 Compression Work

The equation for the compression work is probably the most important and most desired
output from the compressor model. The compressor work calculation depends on several
important inputs. However, the foprimaryequations of the air compressor model working
together providéhe necessary inputs for the work calculation. Therefore, the only real inputs
for thework calculationare thepressure in the compressed air systeththa flow(volume

supply) ofthecompressedir.

W (t+Dt) = f(P,

comp

(t+Dt), V¥, (t +Dr)) (315

ys
As mentioned earlier, the volume supply of compressechais directlywith the volume
demand of compressed akor the compressor module the work calculation was eleiiv two
components, the theoretical work of the gas compression and the dynamic work of the gas
compression. These two components are seen below.

W (t) =V (1) + W, (3.16)

where W is the actual power of the gas compressayjsfthe theoretical wilk of the
compressoto compress the gas ongnd W is the dynamic workequired to turn the rotors and
overcome machine frictionThe theoretical work for the compressor model is a straightforward

calculation based on theguation(2.8) presented in Cipter 2 and ishown below

8, N
mpsys(t + I1) + Patm Q Kor 0
\ﬁ:up(t + Dt)raircp,airTatm§ Patm 8 ) 18
C -
Wi, (¢ + D) = P (317)

IS

where\?ﬁupi s the vol ume s upgspis$the density af therap beng compdessadi r ,

dependent upon the ambient temperature of theyairis the constant pressure specific heat of

air at the ambient temperaturgy.lis the atmospheric air tempeared, Rysis the pressure in the
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compressed air system,m, is the atmospheric air pressurg; is the ratio of specific heat for

ai r , sisathe agsentiopic efficiency of the air compressor

The isetropic efficiency is a parametef the compresor machine that is dependent
upon many factors. This compressor madidtesthe isentropic efficiency as a functionhadth
the irreversibilities in the compression process and the heat transfer to the surroundings. This

relationship is shown below

he=1(cy) (318
where c is the irreversibility associated with the compression process as well as the specific
screw and casing geometry apds theheat transfer during the compression procasse

isentropic(n=1.4)compression pathersus the actugh>1.4)compressiompathis demonstrated

in the temperaturentropy(T-s) diagram shown on the following page

The T-s diagram shows thedstropic case path abmpression, which is the ideal. Even
though rotary screw compressors typically do a superior job of removing heat generated during
compression, and thus allow for compression to really high discharge pressures, the process still
cannot be considered completely adiabatic. An entropy analysséssary in order to

appropriately examine and define the isentropic efficiency for the compressor model.

Because of the complexities related to the compression process for all positive
displacement machines, it is important to understand the isengéffigiencies of different
compression paths and relate those efficiencies to the other thermodynamic parameters in the

compressed air system model.
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T T-s Diagram for Varied Polytropic Exponent

n=1.4 isentropic
P

—P1
P2

Figure 23. T-s diagram for varied polytropic exponents.

To better understahthese compression paths, the isentropic efficiencies for two cases were
analyzed. Rather than devise a way to compute the isentropic efficiency outright, the following
analyss develops relationships for the isentropic efficiency in a reversible ppigtro

compression anith an irreversible polytropic compressioBeginning with the reversible

polytropic compressigrthe polytopic work, w, from state 1to statei® determinedrom the
following equation

_ RV, - Av)

3.19
b — (319

With the ideal gs lawand the specific hedefinition, this equation can be rearranged to
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W, = nR(Tz - Tl)

3.20
b — (320

where n is the polytropimdex The isentropic work can also be arranged to this format

W, = kR, - ) (321)
k-1

where k is theatio of speific heats. By varying the paltropic indexfrom 1.40 to 1.50, the

isentopic efficiencies for different discharge pressures can be calculated based on the ratio of the

isentropic work and thpolytropic work as seen below.

w, (T,-T)= (322
The graplon the following pagshowsthe calculatedsentopic efficiencies foreversible
polytropiccompressiowversus discharge pressure for varied polytropic indée discharge
pressuresrevaried over only a small pressure range of 90 psig @opsy to simulateypical
industrial compressor operation rangée plotshows that thesentropicefficiency decreases
with a higher polytropic exponent and higher discharge pre3sreisentropiefficiency
maintains a flat slope between the ranfy#.60 and 0.94 for polytropic exponents betwee® 1.4

and 1.9, respectively.
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Isentropic Efficiency vs. Discharge Pressure for Reversible Polytroj
Compression
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Figure 24. Isentropic efficiency for reversible polytropic compression.
The isentropic efficiency for thiereversible polytropic compression procesth
heat transfer can also be modeled imalar mannemwith some important stipulation€engel
and Boleq2002)define the entropy generation for a singteeam steady flow device as the

following

S

Se=Ams,- s - § = (323)

where & __is the entropy generation within the air compression Pro@s,s, is the sum of

gen

the mass times the entropy flows exiting the compregga# s, is the sum of the mass times

Y

the entropy flows entering the compressord § _I_—" represents the sum of the entropy transfer
k
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by heat at location k along the compression process. Dividing eq@&8hthroughby #and

assuming the same temperature at the inlet and exit of the comgmesasdes the following

_ Q. >
sgen_sz_ S - ?1 (324)

w h e ryegis the entropy generation within the air compression processrepresents the

change in entropy ( ps) iasfthe heatdaransferreditathegir and ent
between thénlet and exit, and {lis the entering aitemperature. Equatigi3.24) now presents a

rel ati ons.hi mgfdanalyziggsthe hept transfer @guation(3.24), the 1st Law of

Thermodynamics describes that
h+q.,=h +w,, (3.25
whereh; and b are the enthalpies of the entering and exiting aifjgjheat transferred to the

gas during compression, andws the work performed by the compressor. By assuming

constant specific heats, equati{@®25) is simplified to

Opo _ Wi,
_T2 +

Cp Cp

T+

(3.26)

where T, and T, are the temperatures of the entering and exiting airggisdhe specific heat of

the air. This particularmodel is simulated by varyingh e r ati o of t h&gtogener a

the change in entropy, os, aof the compression
sgen:l_Q1-2
Ds T,Ds (327)

Solving for the heat transfer in the above equation provides the following.

- a gen
Q.. - _?’ Ds §1DS (3.29)
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Thesteps in the modeling process are as follows. chia@ge in entropfor an ideal gas with

constant specific heais first determined through the following equation

aT, 0 o]
Ds=c,; In%%g- R, In 8 (329

where T is determined from the temperature rise equdtoman ideal gasvith constant specific

heats at each polytropic exponeiitie heat transfer is then determined through equégiag)

using the fixed ratio of generated entropy to change in entropy, the temperature at state 1, and the
change in entropfor each polytropic exponent at the desired pressOree the heat transfer is

found theirreversiblepolytropiccompression work fromatate 1 to state 2 can be determined

from the equatioif3.26) above. Finally, the isentropic efficiency for the irrewsible polytropic

compression can be found using the equation below.

Waet (3.30
The compressor modallows forcompressiorsimulationwith the real case where
irreversibilites are generated during the compression process. Thepgeetficiencyfor the
irreversiblecompression with heat transfer was modeleseveral different pressures, again
with varied polytropic exponentby varying the ratio of the entropy generated over the change
in entropyby the process described abovée efficiencieprovidedin the figureon the
following pageare calculated withreentropy generated over change in entropy ratio of Ed2.
the exact same polytopic exponentsinailar trendfollows for the reversible and irreversible
cases.Howeve, much lower isentropic efficiencieetween 1.00 and 0.@e obtained for the

same discharge pressures.
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Isentropic Efficiency vs. Discharge Pressure for Irreversible Polytrog
Compression
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Figure 25. Isentropic efficiency for irreversible polytropic compressiqgafi s .= 1. 2

With obviously a significanportion of the compression work being dependent upon the

isentropic effciency of an air compressor, an appropriate model should allow for accounting of
the complete thermodynamic effects of the compression process. Again, the goal of this
particular anajsis was not to devise a way to compute the isentropic efficiency outright, but to

understand its relation to the other parameters in the model.

As previously mentioned, the other component of the actual compressor week is t

dynamic work The dynamic wrk encompassespecific machine design parameters such as the

rotor diameter, the rotor lengtand rotational speeaf the compressor. The dynamic work
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components are difficult to calculate unless relevant infoomas known about the machine.
Howevae, it can be theorizethat a certain minimum amount of power is required just to turn the
rotors of the air compresr and to overcome the frictidorces even if the machine is not

compressing further from inlet pressufghis relationship is seen below

W, = f (w;d) = Const (331)

where ¥ is the turni ng ussphefeation omthe rotoreandilzec hi ne (
casing. As shown above, the dynamic work power component is assumed as a icotisant
modelbecause of the complexitias/olved in calculating this element of the total power for
compression.This componenshould more likelypedetermined through a simple field test on

the compressor package and logged power ddtarefore, this term depends on factors other

than themlet and discharge pressurésdditionally, the work to run the fan and the control

panel would also be constamtswer drawgo any compressor packaged could potentially be

collapsed into this dynamic work term for modelpurposes Therefore, the ghamic work

term can be applied as simply, the amount of work necessary just to operate the machine, without

considering the work for gas compression.

3.4.4 CompressorFlow Control

The last compressor relationship unique to the compressor model is theessaon flow
control The purpose of this function is toauate when the compressor package is running and
also when it should be governing the compression off@rmentioned previously, one of the
main objectives of the compressed air system madel ¢alculate theompresed air system
work. Chapter 2 describes several air compressor control methods that are typical of the rotary
screw air compressancluding On/Off (Start/Stop), Load/Unload, and Modulation with

Unloading The differing controlschemes complicatee analysis of calculating tliequired
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flow through the compressas a response to compressed air demélavever, he power
calculation onlydiffers for either achange in flow through the compressora change in desired

dischar@ pressurand thereforés consistent to the analysis of each control method.

As Chapter 2 describes, the pressure control range foothmmecontrol method is the
determining factor for the flow through the compressor and whether or not the comjgressor
Arunni ngo comprgssiambrk onithe airdhe pressure set points are based on two
pressure settings oA(Pstar) and R (Pstop), that establish eange of pressureylf where theair
compressorequirescompression athe airand therefore, workP,, and Ry is also expressed
commonly ayin and Raxfor a particular compressed air systeomtrol range The
compressor flow contrdbr the model is simulated by tleguation seen below

M (t + D) = f (compressatatet), P, (t)) (3.2)

where the compressor state is therentoperatingflow throughthe air compressor package.

The compressor state is modeled as either on or off for the Start/Stop machine and as loaded,
unloadirg, unloaded, or off for the Load/Unload machine. The followtaigjedetails the
operation of a Sflvapercentdge tupctioo y mpheck of hesysiem
pressure against the system pressure control points and the state of the compressoit ishethe
on or off. As is seen in the table below, the flow percent is either equal to 0 or 1 for the
Start/Stop control method.

Table 1. Flow control for start-stop compressor.

Start_Stop
Compressor Stat§  Psys>Pstart | Psys<Pstat
OFF M=0 M=1
Psys> PStOp Psys< PSIOp
ON M=0 M=1
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The main difference in the flow control between a Start/Stop and Load/Unload
compressor occurs when the valuehef compressor flow control is equal to zefithe
compressor must then be evaluated agltether it is starting up from the dftateor the
unloadedstate When the compress turned on from the off statéhe system pressure is
checked against the staressureontrol point. Similarly, when the compressor is in the
unloaded state, treystem pressure is again checked against the start pressure control peint.
controls for the Load/Unload compressor are modeled in thelialde, where the flow percent
is either equal to O or tofbr the states where the compressor is off, loadednloaded. There
is also an additional state termed unloading where the compressor is in between the loaded and
unloaded states. Thisate was discussed previously, as it relates to blowdown time. Blowdown
time is the amount of time associated with opening of the discharge port to atmosphere once
the compressor needs to unload. Since the blowdown time does not occur instantly, instead
usually over a period of about 40 secondsflthe control is somewhere in between the values
of 0 and 1 duringhat time. The method for calculating blowdown time is discussed in detall
later in this section. Table 2 below demonstrates the method for determining the compressor
flow control for a Load/Unload air compressor.

Table 2. Flow oontrol for load -unload compressor.

Load Unload

Compressor State]  Psys>Pstart Psys<Pstart

OFF M=0 M=1
I:)sy? I:)stop I:)sys< I:)stop

Loaded M=0 M=1
I:)sy? Pstart I:)sys< Pstart

Unloaded M=0 M=1

Unloading 0<M<1 0<M<1
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Finally, the flow controfor the Modulaton with Unloading cases presented. The
Modulation with Unloading contralses many of the same features that the Load/Untmadrol
uses except thatt begirs to vary the flow through the compressor as soon as the system pressure
is operating in any paof the pressure control range. The modulation increases and the flow
percent decreases as the pressure in the system continues to rise until full modulation is reached.
If full modulation is reached and the system pressure is still l@ggnd Rax the compressor
begins its unloading sequence just like the Load/Unload conffbis.control for the
Modulation with Unloading compressor is modeled in the table below.

Table 3. Flow control for modulation with unloading compressor.

Modulation w/ Unload
Compressor State Psys>Pstart Psys<Pstart
OFF M=0 M=1
I:)start< I:)sys<pstop """""
Modulating MunlbaM<1 |  —-mem-e-
F)sys> Pstart I:)sys< Pstart
Unloaded M=0 M=1

Because the value of the comprasiow control can vary between 0 and 1 for certain
compressor operating states in both the Load/Unload and Modulation w/ Unload control
schemes, a method for determining that value must be deBexhuse the flow of the
compressor in the states betwdeand 1 is dictated by a compressor inlet valve, an analysis of
the flow characteristics of the common butterfly valve is warranide Crane technicalata
provideshead loss coefficient&, for different butterfly valve positions. The following dat

from the Cran€1991)technical paper 410 was used to construct the curve for determining the

head | oss coefficient across the itcioompg e(sdlo.r 6s
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Table 4. Head loss coefficients (K_vior varied butterfly valve positions.

This dat a

fully ¢!l oTFEhefiyurg belowsBois the extrapolated data and curve fit applied to the

model.

Head Loss Coefficients for Varied Butterfly Valve Positic

d (Val ve Ky (Head Loss Coefficient)
5 0.24
10 0.52
20 1.54
40 10.8
60 118
i's extrapol ated

t hroughout
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Figure 26. Head loss coefficients versus butterfly valve position.
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Thefollowing equationwasapplied in the model to determine the head loss coeffitoerach

butterfly valve position.

72

rang



_ 1095
K, =0.156F (333

From the fluid dynamic analysis of the valve, the pressure drop across the valve can be written as

V
DP‘Pi'Pl‘Kz_g (3.34)

where Ris the pressure at the inlet to the valveisRhe pressure immediately after the valve, V
is the approach velocity immediately before the valve, and g is the gravitational constant. For

convenience, a ratiof the change in the pressure to the inlet pressure is established

K, V*
P

R-R=1- g (3.35)

v |.:U

P
R

Therefore, the following rearrangement is used to perform a conservation of mass analysis across

the valve.

LA
P 2g (3.36)

Ul

Thevolumetric flow rate through the valve will obviously decrease, but the mass flow rate will

not be reduad Therefore, theonservatiorof mass analysis yields the following

et —vA—ra_ PR ~_ R
rﬂ_r#.l._riQi_rlQl_ﬁQi_RTlQl (337

i
where Qis the volumetric flow rate at the inlet to the valve andsQhe volumetric flow rate
immediately after the valve. Assuming the temperatuwreease to be negligible across the

valve,the velocity at the inlet can be expressed by the equation below

_Q _RQ _& 0Q
! Anlet P Anlet é% 2RTgo'A\nlet (338)
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where Aniet IS the cross sectional area of the piping leading to the valve. The iadividgd by
Ainiet Will be cansidered theatedvelocity, V.. With much rearrangement, the inlet velocity can

be represented in terms of By the following equation

| KV (3.39)

With an equation to calculate the reduced velocity through the,xtakeeduction irilow rate

through the modulatiozone of the air compressor can be calculated. The system pressure is the
dictating factor in determining the position
according to system flow requirements. The following equation ultimately dithatéeow
required by the compressor by adjusting the v
distance between the pressure control points

(P

sys "~ Pmin )

== - )+ g .
(Pmax _ Pmin) (qmax len) Grin (340)

where Rysis the system pressurgyfis the minimum pressure control poiRnaxis the
maxi mum pr es S u ks the maximuno Valuepbthe nave position in degrees, and

dmin IS the minimum value of the valve position in degrees.

Lastly, the blowdown function isonsidered Although notone of the four primary
functions of the compressor modtie blowdown functioprovides important feedback to the
compressorods operation on the status of the wu
energy performance of a compressor for the duration of the unloadteg®ie Department of
EnergyCompressed Air Sourcebook for Industry (2003) provides thorough explanation of

blowdown time.
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The rate at which blowdown occurs in the air compressor gradually
slows as the pressure is reduced. The fully unloaded powet is
realized until the pressure in the lubricant sump/separator is fully
relieved. In many cases, the system pressure will fall and the
compressor will reload before the fully unloaded power is realized.

The blowdown time becomes a function of the blowd time and compressor flow control

value of the previous compression state as seen below.

B(t +Dt) = (B(t),M (t)) (3.41)
The blowdown time returns values of O when the compressor is in the loaded or modulation
position and returns the tinstate (secorgj for the blowdown during the unloading process.
The bl owdown function simply adds the time of
order to determine the blowdown at B(t+aot).
blowdown timeaninput to the model, before the pressure in the system drops below the
minimum system pressure, the blowdown returns a value of zero. If the system pressure drops
below the minimum set point before completing its full blowdown time, the blowdown value

getsreset to zero.

3.5Model Summary

The primary functions described above are used as the main tools for simulating
compressed air systems through the model. These functions define the key parameters and
inputs necessary to the calculations within the ehotiVhile not all of the parameters are
computed outright in the model, the study of the relationdiepseen the key parameters in the

model provides valuable understanding of the fundamentals for a thermodynamics based
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approach to compressed air systerithe next chapter describes the implementation of the

primary functions and required inputs to perform compressed air system simulation.
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4. SYSTEM SIMULATION

4.1 Introduction to System Simulation

Simulating a compressed air systesith a modelrequres a dynamic evaluation tie
fluid and thermodynamic performance of thany significant components atompressed air
system.Each significant component of a compressed air system is designed from detailed
specifications to provide maximum performan8ecause the intent of this model is to
accurately estimate compressed air system performance from basic system data, valid

assumptions must be made to simplify the analylseach component.

The mechanisrof the compressed air systenodelutilizesfour primaryequations
solved at ainstantaneoupoint in timeto demonstrateompressed air system behavidhese
four equations are chosen becaoktheirrepresentation of the intertwining relationships used
for determining the overall performancgan air compressofThe output preided by each
eguation demonstratéise currentstate of the air compressor and the system atdived
instantaneous point time. Because real compressor performance is largely dependent upon
operating controls, ghhmodeling equations are constructed to allow for three different

compressor control types.

Among the manynodel design consideratigriee selection o& host sftware program
for simulating these compressed air systems was essedi@iosoft Excel wa chosen as the
platform for the compressed air system mdmlause of its ubiquitous nature, visual basic
editorresourcesand graph generation capabiliticehe model was designed to mimic the user

friendly interface and useful output simulated byeotimdustrial equipment evaluation software
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such as AIRMaster and MotorMastédowever, Microsoft Excel provides a less tlogotiimum
platform forintegration of first ordeordinary differential equatia Obviously,idealsoftware
would provide all oflhe desired computational capabilities in conjunction with the benefits

already presented by Microsoft Excel.

4.2 Compressor Model

The compressor model is presentedraassimilation of the foysrimarymodeling
equatiors developed in Chapter 3. Téefour equationsely on the input of basic nameplate
data as well as observddmandairflow data at each recorded time interval to compute the
mo d eolutguts. These four equatioae solved at each tinmetervalto determinghe pressure
in the compressear system (P_system), the compressefl@ir supplyto the system
(V_dot_supply), the work performed by the air compressor (w_dot_comp), anobtieeof
operation of the air compressdliogv_control). These four equations correspaticectly to the
four primaryequations derived previously in ChapterThey areestablished ivisual Basic
computer coda s fAduesfeirn e d 6, softtat they tain bereasily callédm aMicrosoft
Excel spreadsheeOnce the nameplate, system, and airflow demandislatput into the
Microsoft Excel model, the simulation runs by utilizing the dmeline computation of
Microsoft Excel to integrate the four differential equatioffe outputs can be uséat
observation of compressor operation at a particular tiepeas well as for gph generation to
visualize the compressor operation and its interactive effects on system paraifteters
following flow chart details the step by step modeling process from entry of basic nameplate data
to entry of logged or assumedmpressed air demand data and finally to outputs of the

computed results.
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winput system and nameplate data

winput recorded airflow data
W,

winitialize compressor )

wCall userdefined functions from spreadsheet
wCalculate four modeling functions (Iirlw—line))

wSystem output
wGraph generation

Figure 27. Compressor modeling steps flow chart.

4.2.1 Chosen Modeling Software

A diverse assortment of computational toolseélaeen developed to sist with
compressosystem simulation. These software packages, which perform the computational
problem solving, areftencommercially available When using a software tool as the computing
power to run a simulatioinvestigation and considerationthie desired needs of the modeling
parametersequires much stipulatiomefore the ultimate software selectisimade Suitable
simulation software should provide an atmospliereasy entry of data, usérendly
interaction, integrated adaptabilityfuitive controls, chart generating capabilitiekal
calculation sructure and wide availability Microsoft Excel was chosen as the platform for the
compressed air system simulation because of its ubiquitous nature, ease of use, visual analysis
tools, programmability, and spreadsheet functionality. Of key importance to the selection of

Microsoft Excel as the model platform is the versatile programming resource, Visual Basic,
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working in conjunction with Microsoft ExcelHuguet(2008)makesthe point, fom his Visual
Basicexpeence t hat fAThe Microsoft Visual Basic edi!t
needed to develgproblemsolving algorithms Microsoft Excel also acts as a great medium for
importing, manipulating, and exporting logged data. k#1{?008)again testifies to Microsoft
Excel 6s versatility: AMost 1 mportantly, the
application allowing the developed tools to be used in classtoomMsa bs, and home of
Mi cr osoft feressab @tschnedl ¢aleutaton makes it a suitable softwargsfdry

engineers and simulators.

4.2.2 Inputs

The compressed air system simulation masi&luilt to allow for easy entry of
parametersecessaryo theperformance calculation farcompressed asystem. The purpose
of this design was to allow a user widthnica) but not advana® compressed air knowledge to
be able to accurately simulate a compressed air sys#m limited input@cquired through
manuf act ur e rfi@ldtestng tinaorder to dodthats theanodsliconstructedvith little
emphasis omir compressor design specificatiarsd withmoreemphasis obasicperformance

parameters.

Therequired inputs of the modelclude the rated full flow of the air cqressorthe
rated full flow pressurehe inlet conditions of thair supply the air inlet piping diameter, the
compressed air system volume, the pressure control,rdnegenlioading controlgnd the
integration time stepThese inputs are shown iretkable below with the corresponding required

units.
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Table 5. Required inputs for compressor model.

Compressor Nameplate

Rated Ful Flow acim
Rated Full Flow Pressure psig
Isentropic Efficiency d
Dynamic Work % of ful load power
Inlet Conditions
Atmospheric Pressure psia
Ambient Temperature F
Air Inlet Piping Diameter inches
System Information
System Volume 3
Compressed Air System Controls
Start Pressure psig
Stop Pressure psig
Unload Time seconds
Unload Point % of full flow capacity
Data Information
Time Interval of Data seconds

Theinputs for thenlet conditions of the air supply require atmospheric air pressure and the
ambient temperature. The aitahpiping diameter is used for calculations for a compressor with
unloading ananodulationwith unloadingcontrolsas discussed in Chapter Bhe unloading

controls include the amount of time required for the compressor to unload, also named
blowdown, asvell as the unloagoint. The unload point is theansitionstage where the

compressor switchdsom modulation mode to unload mode as a function of the percentage of
full flow capacityfor this occurrence. The unload point, as described in Chapseused only

for modulation with unloading controlsSinceall of theserequired inputare ugd throughout

the compressor modeling functions, the user

constructedo allowfor entry of these calculation facsorTherefore, the user only has to input
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these parameters one time in the compressor modeasthey can be publicly usddoughout
the visual basiccodeA s cr eenshot of t woekshéebwitisirttleemodBlésr a met e

provided below, where thaputs must be pwided in the appropriate units shown.

i A B C o
1 Compressor Nameplate
2 Rated Full Flow Compressor 530 (acfm)
3 Rated Full Flow Pressure 125 (psig)
4 |Isentropic Efficiency 78% (n)
5 | Dynamic Work 30% (% of full load power)
B
7 | Inlet Conditions
8 Atmospheric Pressure 14.6 (psia)
g | Ambient Temperature a5 (F)
10 | Air Inlet Piping Diameter 3 (inches)
11
12 |System Information
13 System Volume 1845 (ft°)
14
15 Compressed Air System Controls
16 |Start Pressure 100 (psig)
17 |Stop Pressure 110 (psig)
18 |Unload Time 40 (seconds)
19 Unload Point 70% (% of full flow capacity)
20
21 Data Information
22 Time Interval of Data 1 (seconds)
23
24
25
26
27

Figure 28. System parameters input screen.

T h enitidlize Compressar (green buttonjs a model feature that ties the user form on the
spreadsheet to a function withiretisualBa s i ¢ c o de. When the dAlniti
is clicked, Visual Basic is prompted to attain the necessary system paraimetersn t he @A Sy st

Par amet er s ®hisvuoctiok sah @&se be run from any worksheet in the compressed air
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syt em model by typing A=Initialize_Compressor (
the keyboard This visual basic codebtains the basic nameplate data and system parameters

from the modeby retrieving the values in the populated cells oniystem Parameters

worksheet By running this Initialize_Compressor function, the model is readied for simulation

by establishing the system operating boundarid$e visual basic code for theitialize

Compressor function is seen below.

Function Initialize Compressor|()
'This function sets wvariables required by the compressed air model.

'It can be run individually from any worksheet by typing "=Initialize()" in any cell.
V_dot supply comp = Worksheets ("System Parameters").Range ("B2").Value 'acfm

delta t = Worksheets ("System Parameters").Range ("B22") .Value 'seconds

P_atm = Worksheets ("System Parameters").Range ("B8").Value 'psia

T atm = Worksheets ("System Parameters").Range ("BE3").Value 'F

V_system = Worksheets("System Parameters") .Range ("B13").Value 'ft”3

P start = Worksheets ("System Parameters").Range ("B16") .Value 'psig

P _stop = Worksheets ("System Parameters").Range ("B17").Value ' psig

Dia inlet = Worksheets ("System Parameters").Range ("B10").Value 'inches

P max = Worksheets ("System Parameters").Range ("B3").Value 'psig

theta start = 0 'degrees

theta stop = 90 "degrees

Unload point = Worksheets("System Parameters").Range ("B19").Value '% of full flow capacity
theta unload = theta stop * Unload point

Unload_time = Worksheets ("System Parameters").Range ("B18").WValue 'seconds

eta isen = Worksheets ("System Parametersz") .Range ("BE4").Value 'isentropic efficiency
w_dynam = Worksheets ("System Parameters").Range ("B5").Value 'dynamic work as percent of full load power

T atm abs = T atm + 460 'Convert to Rankine
Pi = 4 * Atn(l)
Area inlet = Pi # (Dia inlet / 12) =~ 2 /[ 4

g_c = 32.174 '{lbm—ft) / (1bEf-5"2)
K 1= 778.169 'ft-1bf/lbm

K 2 = 60 'min/hr

K 3 = 3412.14

K 4 = 60 'sec/min

R air = 53.34 ' (ft-1bf)/ (1lbm-R)

End Function

Figure 29. Visual Basic code for Initialize_Compressor function.

The purpose of the Initialize_Compresfanction is to set the values of varlias
required by the compressed air systaodel. As can be noted from the Visual Basic code,
some of the values of thesariables are established insities function and others are
established by finding the range value of the

worksheet
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Thefinal piece of requiredhput to the compressed air modethe recordedobserved
data of the compressed air system. The model is constructed to utilize data for the compressed
air demand (cfm) in a system. This data is input to the compressed air system model by
establishing the time interval of the recordieda andcenteringin the corresponding airflow data
for the modeled system. The screenshot below shows the highlighted columns of time interval

and airflow demand in the compressed air model.

1 |Load/Unload Compressor 0

2 |Forasystem with Pmax =112

3 | Input Output

4 | (sec) (min) (sec) (cfm) (psig) (cfm) (kw) (psig) {cfm) (kw)

5 | Time Time Blowdown_i Wdot demand i P _sys i flow pct  vdot _supply 1 W_dot_comp_i P_system_iplusl Vdot supply_iplusl w_dot iplusl flow_pct iplusl
6 ] 0.00 0.00 100 105.0 0.00 0.0 0.0 104.9 0.0 43.5 1.00
7 1 0.02 0.00 100 104.9 1.00 0.0 43.5 104.8 601.6 149.1 1.00
8 2 0.03 0.00 100 104.8 100 601.6 149.1 105.3 601.5 149.4 100
9 3 0.05 0.00 100 105.3 Loo 60L.5 149.4 105.8 601.3 149.6 Loo
10 4 0.07 0.00 100 105.8 1.00 601.3 149.6 106.2 601.2 149.8 1.00
11 5 0.08 0.00 100 106.2 1.00 601.2 149.8 106.7 601.0 150.1 1.00
12 6 0.10 0.00 100 106.7 1.00 601.0 150.1 107.2 600.9 150.3 1.00
13 7 0.12 0.00 100 107.2 100 600.9 150.3 107.7 600.7 150.6 100
14 8 0.13 0.00 100 107.7 100 600.7 150.6 108.2 600.6 150.8 100
15 9 0.15 0.00 100 108.2 Loo 600.6 150.8 108.7 600.4 151.0 Loo
16| 10 0.17 0.00 100 108.7 1.00 600.4 151.0 109.2 600.3 151.3 1.00
17| 11 0.18 0.00 100 109.2 1.00 600.3 151.3 109.7 600.1 151.5 1.00
18| 12 0.20 0.00 100 109.7 1.00 600.1 151.5 110.1 600.0 151.8 1.00
15| 13 0.22 0.00 100 110.1 100 600.0 151.8 110.6 599.8 152.0 100
20 14 0.23 0.00 100 110.6 100 599.8 152.0 1111 599.7 152.2 100
21| 15 0.25 0.00 100 1111 Loo 599.7 152.2 111.6 599.5 152.5 Loo
22| 16 0.27 0.00 100 111.6 1.00 599.5 152.5 112.2 599.4 152.7 1.00
23 17 0.28 0.50 100 112.2 1.00 593.4 152.7 112.7 595.1 152.7 0.86
24 18 0.30 1.00 100 112.7 0.86 5951 152.7 113.2 554.9 152.9 0.86

Figure 30. Compressor model inputsrftime (seconds) and airflow demand (cfm).

Columns A an® on thespreadsheeicreenshot above show the inputs for time in units of
seconds and demand airflow in units of cubic feet per minute. For this particular system, the
data was recorded evedyb second and the airflow demawas a constant 100 cfri\fter all of

the input data has been entered into the compressor model, the user then calls the four
compressor modeling functiofi®m the spreadshetd simulate the compressed air system.
Additionally, the initial system pressure and the initial compressor flow control need to be

provided in the first row of calculations. After the first row of outputs has been calculated, these
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values from the compressor model serve as the inputs for the neat lfoesby linecalculations

along wth the compressed air demand.

4.2.3 Outputs

Thecompressed air system simulation is constructed to provide useful output for each
time interval such as the compressor state (flow conth@)compressed air supplizet
compression work, the system pressared the blowdown statug hese outputs are generated
by the input of the necessary parameters described in the previous section and the function calls
for the fourprimarymodeling functions. The output is gertedhfor every time interval of data
as long as the necessary inputs are providesample output from a compressed air system

operating under startstopcontrol method is provided below.

Figure 31. Compressor model simulatiomder staristop controls.

From the image aboveplumns A throughr in the Excelspreadsheet serve as the inputs for the
four compressor modeling functions. The outputs are the values generated in the columns G

throughL. These outputs show that theepsure in the systestowly rises as a result of the
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