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Abstract

Continued regulatory pressure necessitates thefuseecisely designed turbochargers to create
the design trapped equivalence ratio within largeststationary engines used in the natural gas
transmission industry. The upgraded turbochargargenge the exhaust gases from the cylinder,
and create the air manifold pressure and backpeessu the engine necessary to achieve a
specific trapped mass. This combination serveschoese the emissions reduction required by

regulatory agencies.

Many engine owner/operators request that an upgragbocharger be tested and verified prior
to re-installation on engine. Verification of thesamanical integrity and airflow performance
prior to engine installation is necessary to prévetd hardware iterations. Confirming the as-
built turbocharger design specification prior tansporting to the field can decrease downtime
and installation costs. There are however, techwitallenges to overcome for comparing test-

cell data to field conditions.

This thesis discusses the required correctionstasithg methodology to verify turbocharger
onsite performance from data collected in a précidesigned testing apparatus. As the litmus
test of the testing system, test performance datarrected to site conditions per the design air
specification. Prior to field installation, the lacharger is fitted with instrumentation to collect
field operating data to authenticate the turbochiatgsting system and correction methods. The
correction method utilized herein is the ASME Perfance Test Code 10 (PTC10) for

Compressors and Exhausters version 1997.
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CHAPTER 1: Introduction

A turbocharger (turbo) is a unigue machine in theug of turbomachines utilizing a turbine

section to extract energy from a flowing gas streanving a rotating shaft common to a

compressor section. This provides the shaft povesdad to compress air with the attached
centrifugal compressor. This turbomachine can bzed to extract energy contained in the hot
exhaust stream of a reciprocating engine and peoemimpressed inlet air at a higher than
ambient density to the engine air intake manifdlde higher air intake pressure provides more
air available for the combustion process in comttas a naturally aspirated engine, thus
increasing the engine energy density. Additionalhe compressed air provides a means of

controlling the engine air fuel mixture (specifiapped mass) to assist in controlling emissions.

For a large-bore stationary engine as found on rthural gas transmission pipeline, a
turbocharger is quite large, weighing from 1,00@6$000 |Ibs on average. In many applications
two turbochargers are required per engine, onedgh exhaust bank. This demands balanced
operation between the two air-intake and exhaustifolds of the engine. When a turbo is
designed or upgraded, a specific compressor argintummatch is developed for the engine
power and site location. This establishes the thhoger design point(s) for the engine to
operate at an expected optimal condition, to mdéet s$ite environmental air pollution
requirements. Matching the turbocharger to the rengs imperative for success of a project.
Turbo maintenance and upgrades can be quite exeeasid time demanding. High profile
engines have limited available downtime for maiatese. An upset to a schedule in a
turbocharger rebuild or upgrade can have a verly mdirect cost due to loss of production. A
savings advantage exists for validating performaaice detecting problems before incurring
shipping, installation and field commissioning @ost
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The inlet airflow through the turbocharger compoessan range between 1,000 ACFM and
24,000 ACFM, with turbine inlet temperatures upveaad 1,000°F. The weight, airflow and
turbine inlet temperature requires a specificallgsigned infrastructure for validating
performance. Such a test facility is a combinatednmeasuring and supporting systems to
operate a turbo in a test condition matching timagogine. This provides the controlled ability to
collect accurate mechanical and thermodynamic pedoce data while isolated from the

engine, and to verify a turbo is field worthy prtorshipment and reinstallation on the engine.

The test center and engine design specificatioh narely match ambient air conditions. A
challenge exists to match test and site conditfonshe turbocharger compressor. This requires
an accurate methodology for comparing data betwsmeditions. This thesis discusses the
methodology of comparing test and site conditiond the importance thereof. The American
Society of Mechanical Engineers has establishedréiggired methodology for testing and
comparing conditions defined in ASME PerformancestT€ode 10 for Compressors and
Exhausters (PTC10). This performance test code &stablished in 1949, is an industry
standard. Through the years there have been twsiors (1965, 1997); the most recent revision
released as PTC10-1997. The method of validatinchma performance in the revised code has

further leveled the playing field between the esdritand manufacturers.

This thesis details a turbocharger performance pegir to shipment, and utilizes the
methodology required to validate the test data Wihl data collected from the turbocharger
operating on engine. CHAPTER 2: Literature Reviewxplores the background
thermodynamics, and correction methodology. Thevidles important details and the basis of
the performance test code. CHAPTER 3: Test Appayatatails the specifically designed test

cell of the National Gas Machinery Lab at KansageSUniversity. This test cell was established
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to collect accurate performance data from an opgratirbocharger independent of the engine.
CHAPTER 4: Turbocharger Specification, details tie specification and design point for
optimal turbocharger operation on engine. Perfooceadata collected from a turbocharger
utilized in this thesis is detailed in CHAPTER Zest Cell Data. Instrumentation is fitted to the
turbo prior to engine installation to collect fiedgperating data. CHAPTER 6: Field Data, details
the challenges of normalizing months of field coléel data from the turbo on engine. A
comparison of the test cell and field data is sunmed in CHAPTER 7: Correlating Test and
Field Data. This chapter details the power of disi@mal analysis as applied to the turbocharger
to link the test and engine site locations to tettie performance test and authenticate the test

cell.



CHAPTER 2: Literature Review

2.1 Turbomachine

Turbomachinery is a group of machines that creatextract work by increasing or decreasing
the enthalpy of a constant flowing working fluidhd root word ‘turbo’ is from the Latin word
‘turbinis’ meaning circular movement, describinge tbentral rotating shaft of a turbomachine
(Dixon, 1998) The energy of the working fluid is dynamicallyns@rted to or from kinetic
energy via a bladed rotor section attached to #mtral shaft. Centrifugal compressors are one
form of turbomachine utilizing rotating energy taciease the enthalpy of a working fluid.
Conversely a turbine extracts rotating energy feomorking fluid thus decreasing enthalpy. The
turbine and compressor sections can be termedl| radiaxial referencing the flow direction
compared to the central shaft. For a turbine tarsinology references the inlet flow to the
turbine section; the airflow for an axial inflowrhine is parallel to the central shaft. Regarding
the compressor, this term references the outlet dlefining a centrifugal compressor as radial or
perpendicular to the central shaft. The work hedégusses a turbocharger with an axial inflow

turbine and radial discharge compressor or cegaifaompressor.

2.1.1 How a Turbocharger Works

A turbocharger utilizes the high temperature exhafisa reciprocating engine to convert the
exhaust gas flow into rotational energy. The rotai energy is provided via a turbine extracting
energy from the exhaust gas, and transmitted tjrectthe shaft connected compressor. A
centrifugal compressor delivers pressurized airftowhe engine for the air and fuel mixture for
combustion. In many cases a turbocharger is a $ppening turbomachine with lubricated

bearings supporting the central shatft.



Figure 2.1 shows a cutaway of a Globe TurbochaBpsrcialties model 1215 for a large-bore
engine. Both compressor and turbine sections peointet and outlet flow paths for the free
passage of the working fluid. After passing throtigé axial turbine, exhaust gas collects in the
turbine case before exiting. For the compresserjripeller rotation provides negative pressure
drawing air into the inducer or inlet section oethompressor impeller. As the air exits the
impeller blades of the compressor, it passes throagvaned or vaneless diffuser before
collecting in the compressor discharge scroll axridingg the compressor outlet. The diffuser
section is a region before the discharge scroll remducing the fluid velocity and thereby

recovering pressure of the working flyidixon, 1998)

Compressor Outlet

Turbine Qutlet

Axial Turbine Section

Compressor Inlet

Turbine Case with

Centrifugal Compressor Water Jacket

Central Shaft

% Compressor ‘Case’ or
Discharge Scroll

Figure 2.1: Cutaway of a Turbocharger for aLarge-Bore Engine

(Globe Turbocharger Specialties Inc., 2010)

In the case of reciprocating engines, turbine irtietnperatures are higher than outlet

temperatures as depicted with the differing colondet and outlet flow arrows in the figure. The
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compressor adds energy to the compressible worfking, increasing the temperature in the
process and depicted with the colors of the infet autlet flow arrows as well. A pair of oil
lubricated journal bearings house the central stizdétause of the high temperatures of the
exhaust gases, the turbine section has a surraymdgiter jacket to remove heat from the turbine
case and prevent cracking of the casing materamihimize heat transfer from the turbine case
to the compressor case, there is an insulatingosebetween the cases and surrounding the

bearing housing.

The compressor discharge temperature is a fundiidhe compressor efficiency and pressure
rise. For discharge pressures of a turbochargéreimange of 10 psig, the estimated temperature
rise is 115°F above inlet temperature. Dependingherengine design and combustion fuel, the
exhaust gas temperatures to the turbine inlet earad high as 1,200°F. The temperature
extremes cause the central shaft to grow axiallyminimize leakage of the working fluid and

minimize shaft frictional losses, the central shaftsealed at the compressor end with a free

spinning labyrinth seal.

2.1.2 Centrifugal Compr essor

Centrifugal compressors are volumetric machines ititake a given inlet volume flow for a
given operating speed and compressible work, inttgr of the inlet fluid density. This defines
the shape of the operating map or compressor mapragared to other compressor technologies
as seen in Figure 2.2. A screw compressor androsapng compressor have an almost fixed or
linear intake volume for all pressures in the pemfance map, nearly vertical volume versus

pressure lines.



Reciprocating Qil-flooded
compressor screw COMPressor

Pressure

Centrifugal
compressor

Volume Flow

Figure 2.2: Comparison Compressor Map of Available Technologies

(Avallone, 2007)

The volumetric intake capacity of the centrifugahtpressor is close coupled to the compressor
work of the working fluid. If speed were an openmgtivariable of the map in Figure 2.2, there
would be numerous parallel compressor operatingesuas detailed in Figure 2.3. Though
Figure 2.2 details pressure versus volume flowptmac operation of a centrifugal compressor is

compressible work (head) versus inlet volumetrowfl(capacity) as detailed in the compressor

map in Figure 2.3.



This base compressor map is utilized for compresslaction and defines the various operating
speed curves in relation to the maximum comprespeed(Ehlers, 1994) With speed as a
variable, the number of head and flow combinatiohghe compressor are virtually infinite
within the bounds of the performance map and gbdit the turbine to provide power to the
compressor. This presents a challenge when congpdifferent inlet temperature and pressure
conditions. Matching conditions for a given opargtpoint in the compressor map (Figure 2.3)

is achieved through the use of similarity lawsadetl in Section 2.9.
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Figure 2.3: Variable Speed Compressor Map, Head ver sus Capacity (Flow) (Ehlers, 1994)




2.1.3 Turbocharger Use on Engine

The application of a turbocharger to an engineesetwo purposes, increase energy density of
the engine and help to control engine emissiOhgallone, 2007) Figure 2.4 provides a
schematic of a four stroke engine with turbochardée turbine uses engine exhaust manifold
pressure and temperature to provide the requiredggnto drive the compressor, creating a
backpressure or restriction on the engine. The cesspr pressurizes the engine intake air
manifold for scavenging exhaust products from thiender and increases the amount of air in

the engine cylinder per fresh air/fuel charge,pmcific trapped mass.

Turbocharger

intake 1 -
Blower L)
. - Turbine

. wheel
e Aftercooler

gas out —=

b3
J‘G;fe_‘__" D /‘"’E no’

=)\ {a=)

Inlet
valve

) Water
Piston ”

Exhoust valve

Figure 2.4: Schematic of Turbocharged Engine (Avallone, 2007)

The second purpose but more primary purpose imtga@ars for turbocharging an engine is to
control and minimize Hazardous Air Pollutants (HARdeased to the atmosphere, one of which
is the NOx group, NO and NOOzone Q3) is the primary ingredient of photochemical smog
creating the air pollution events associated vatigé cities and suburban aré&dlman, 2010)

Ozone affects human health and is associated eshinatory problems. Controlling or reducing
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the formation of ozone is a primary concern inpoHution control. Ozone occurs naturally in
small amounts in the atmosphere; however the hufoanation of the pollutants NOx and
Volatile Organic Compounds (VOCs) causes nearlytiees the natural formation of ozone.

Reducing NOx formation from combustion productsuss air pollution and ozone creation.

The formation of the NOx group in a spark engindighly dependent on the air to fuel ratio
(AF) for combustion. As detailed in Figure 2.5, colltng the air to fuel ratio is one method of
controlling the NOx products formed during combastwith the variables of brake specific fuel

consumption (BSFC) and air to fuel ratio. The aifuel ratio is defined as:

AF = M 2.1)

According to Zheng et al2004) an excessively lean fuel mixture (high air fuatio) could
produce substantially lower NOx emissions to a loliveit of flame stability in the cylinder. As
detailed (see Figure 2.5) there is a small regioreffectively controlling the air to fuel ratio @én
reducing emissions. Applying the correct turbockartyrbine and compressor match for an
engine is imperative. To control the air to fueioawith a turbocharger requires matching the
turbocharger air delivery and turbine work to tleedl ambient conditions of the engine
installation, and available energy from the exhgast As will be seen in CHAPTER 6, ambient
conditions vary throughout the day and as volurmoetrachines this challenges the engine and

turbocharger match to achieve the required aiuéd fatio.
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Figure 2.5: Specific Fuel Consumption and Emissions versus Air to Fuel Ratio

2.2 Motivation to Evaluate Established Performance Correction Models

Open any book on turbomachinery, (gas turbinespinies, axial compressors, centrifugal
compressors, fans, etc.) and there will be a sediodetail correcting flow and pressure
performance data between two operating condititorsexample test and specified conditions.
Most references provide a basic guidance of theection equations however; the equations
between differing sources may be presented quiterently. This leaves the reader to question
where the work originated and why different sourtcage different equations for the same topic.
Through this work, a few of the correction modeis @valuated in detail to establish origination,

and itemize some of the differences between cooresets.
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This research compares a turbocharger performasténta well established testing system and
field collected data. The comparison model is th8Mk Performance Test Code 10 for
Compressors and Exhausters established by a wotkimgnittee under the American Society of
Mechanical Engineers. Performance Test Code 10 IBY@rovides methods of testing and
evaluating performance of turbomachinery where gagormance of a compressor or turbine
can be detailed independently. Conveniently theeagaplies to both the turbine and compressor
section of a turbocharger. Because of the difficait measuring the turbine inlet flow of the
turbocharger on engine, this work concentrateshencompressor performance where methods
are established to collect accurate operating flpressure and temperature measurements.
Though in reality this is a coupled interactiorg thrbine is here considered an energy provider

to the centrifugal compressor providing a fresicharge to the engine.

This work details the background thermodynamics fund mechanics, and their application to
evaluate the centrifugal compressor performanceogedation of a turbocharger. Most of the
details presented here provide the background aptication of the ASME PTC10 method.

Specific instances in this literature review refemiag PTC10 will detail the code and section, for
example to detail paragraph 5.5.5 of PTC10, thereeice is listed as: [PTC10-par. 5.5.5]. This
work is not to reproduce the established methodinut the scope of, rather to focus on specific
instances of the performance code imperative foraeturate performance evaluation of a
centrifugal compressor. This work details the powkrdimensional analysis to a centrifugal

compressor and its overall importance to the stibjec
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2.3 Volumetric Flow

Centrifugal compressor flow is defined in termsroét volumetric flow. The unit for volumetric
flow is commonly cubic feet per minute (fhin), and referred to the inlet condition as ICFM.
This requires a designer to consider the inlet maulow and the minimum and maximum site
conditions (barometric pressure, temperature, iveldtumidity, and inlet losses) defining the
inlet density, and resulting delivered mass flowtite engine. The conservation of mass relates
the inlet density, inlet volume flow rate and mew rate (Munson, 2002as follows:

m

v - inlet (22)

inlet
inlet

A standard volumetric flow designation of SCFM (stard ff/min) is a mass flow definition in
the effort of industry to rationalize volume flowrffans and compressors. SCFM is always
accompanied by the barometric pressure, temperande relative humidity utilized in the
designation. Most industries maintain a referer@@imetric pressure at sea level, 14.696 psia,
however many different industries define the terapee and relative humidity condition to
what best suits their use. Many texts utilize arbi@mt temperature of 59°F, some use 68°F,
while others use 80°F as standard reference tempesaThere is also a deviation in the relative
humidity designation between industries, of whic¥,036% and 65% are typically found.
Therefore an SCFM designation must be accompanittdtiae ambient reference condition to

define the ‘S’ in the volumetric unit.

2.4 Compression Process

Working with compressible fluids (gases) must cdesithe effects of compressibility when the

density change is greater than fPaugherty, 1977)The compression work process is the path
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between two pressure and volume conditions of &wgrfluid as detailed in Figure 2.6. The
importance lies in evaluating the thermodynamiccpss adequately to define the gas
compression work correctlfMoran, 1995).The thermodynamic compression work creates an
enthalpy rise and a pressure rise in the workiagl flThe two methodologies that best represent
compression work are the polytropic process andigbatropic procesglkoku, 1984) Each
compression process considers the pressure-volalagon along the compression path of the

gas between the inlet and outlet conditions.

Polytropic or
Isentropic exponent

o /

=

w

)]

o

o .- ’

HCompressibIe
Work
Vmumel

Figure 2.6: Pressure Volume Diagram of Compressible Fluid

2.4.1 Compressible Work

The overall pressure rise and inlet gas conditonitilized to evaluate the compression work
between the inlet and outlet of the compressor.cmepressor work is the conversion of kinetic
energy into gas power described with units of epgrgr unit mass of the working fluid; in
Imperial units this is commonly: ft-Ibf/lbm. This also termed as compressible head or simply
head. Compressible head accounts for the gas cesipnebetween pressure states as either a
polytropic or isentropic process. Both compresgimtesses are detailed in this section.
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In thermodynamic analysis, the internal energy mregsure-volume terms appear as a sum; the
term enthalpy created to reference this combinai@mapiro, 1953)Enthalpy is a function of
temperature, pressure and volume of a gas andedefire working fluid at the start and end
states of the compression process. The compresgwk definition is established from the
enthalpy relation. The control volume of the conggien process noting the pressure,
temperature, gas velocity, heat transfer, and at@vaf the working fluid is detailed in Figure

2.7.

QCV — 0

3, =3z, y m
P T',‘ I . /’ __I Po Tg
m@ i Internally reversible i v2,@
Z; m | i P2~ Py

|

S/ | z, m,

/ ‘\

v Constant mass flow

3

m, =, Control Volume, cv

Figure 2.7: Control Volume of Compression Process

Consider the first law of thermodynamics in thddwaiing form as an energy rate balance for the

control volume in Figure 2.7:

ch _ ch _ V22 _V12 _
= Qs )+ ol -2) @3

For a constant entropy process (reversible proéessonless, adiabatic),Q# =0, this reduces
m

to the following form of the energy rate balancatrabove:
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W=+ o e, -2) @)

With compressible gas as the working fluid, andimal elevation change between the inlet and
discharge connections, the effects of gravity @nwlorking fluid in the control volume become
zero. Additionally, there is a minor velocity chanlgetween inlet and discharge rendering this

kinetic energy component negligible for the anay®dloran, 1995) Removing the effects of
2 2

potential energy,g(z2 - zl) and kinetic energ;{\%} from the energy rate balance forms

the compressor specific work defined from the idsdhalpy change as follows:

Woie = (n, - 1) (2.5)

m

Considering the actual enthalpy at inlet and oudletes defines the actual gas compression

power in the form of:
W, =rfh,, —h,) (2.6)

The next sections detail compressor work in thenfof a polytropic and isentropic process. For
these processes, the derivations will be expandddrin the equations of compression work.

The models of compression work are reversible mseEe and differ by the exponent in the ideal

gas relation,pV" = constant

2.4.2 Polytropic Compression Process

For a polytropic process, the pressure-volumeiogiship of the compressible gas follows the

polytropic equation of state of the form:
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(pV“)1 = (pV”)2 = constant (2.7)

where the polytropic exponemnt, is a function of the compression process or cesgon
equipment (Lindeburg, 2001) With the pressure and volume relation of a chrgal
compressor, or turbomachinery in general, a smepdilytropic exponent is utilized for each
operating point on the performance curves of thengressor map (see Figure 2.3). The

polytropic exponent is calculated by rearranging polytropic equation of state (Eq. 2.7),

defined here as:

e G

n= = (2.8)
In(vlj In(p2 Tl]
V2 T2 pl

Rearranging the compressible work Equation (2.5]dfine the work between inlet and outlet

states of the polytropic Equation (2.7) forms thalofving integration to determine the

compressible work shaded area of Figure 2.6:

W o ung dp
By = fye == = [vdp=C" j—pl,n (2.9)
tye =—(po¥; = pv;) (2.10)
pe T \F2"2 1

The pressure, temperature, and density thermodynaatation of matter is termed the equation

of state(von Mises, 2004)The equation of state of an ideal gas is:

1
pP== P
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Rearranging Equation (2.11) with respect to thetiahd outlet conditions of the control volume

(Figure 2.7) defines the following:
p,v, =R, T, and pv,=RT, (2.12)

Rearranging the compressible equation of stateZE¢Q.with respect to temperature defines:

n-1

T, = Tl(&J ” (2.13)
P

From Equation (2.12), the compressible work Equetib10) is rearranged into the following:

_(_nN _ . L _
'Up,c_(mj[RgTz Rng]_(n_ljRg[Tz Tl] (2.14)

Adding the compressible relation of temperature. E#43) defines the polytropic head as:

n-1

W, _(_n A
Headpolytropic = :up,c = . = ( _ jRg Tl [?ZJ - 1 (215)
1

2.4.3 Isentropic Compression Process

The term adiabatic refers to a thermodynamic sysédmng place without heat gain or loss to the
surroundings of the control volume. A reversiblegass without heat transfer of the working
fluid with the surroundings is a constant entropyisentropic process. Industrial terminology
commonly refers to this type of process as iseitropeversible adiabatic, or adiabatic

(Lindeburg, 2001) Given the process definition, all terms acceptadgbply. In an adiabatic

-18 -



process, the pressure-volume relation of the cossfyke gas is defined by the following

equation of state as:
(pVK)lz (pV’()2 = constant (2.16)

where the exponerr is the ratio of specific heats and intrinsicallfuaction of the gas mixture.
Considering Equation (2.16) and the change in presgolume between the start and end states
of the compression process defines the equatiorsémtropic compressible work or isentropic
head. From the work addition to the control volumé&igure 2.7, the enthalpy change is defined

from Equation (2.5), repeated for reference:

>¢ =(h, - h,) (2.17)

The thermodynamic definition of enthalpy is as dals considering the internal energy and

pressure-volume relation:

h=u+pv (2.18)
Substitution of the ideal gas law (Eg. 2.11) incelaf thepvterm yields:

h=u+R,T (2.19)

The partial derivative with respect to temperanifrthe enthalpy definition is:
0
—\h=u+RT 2.20
sh=urrT) (2.20

This defines the isobaric and isochoric heat caigacas follows, respectively:
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(@j . (ﬂj =¢, (2.21)
ar), 0 at),

The isobaric term is the specific heat at congtaessure; the isochoric term is the specific heat
at constant volume. The partial derivative of elthavith respect to temperature (Eq. 2.20) can

be rewritten in terms of the heat capacities ofdfigu (2.21) as follows:
c,=C,+*R, (2.22)

A term used extensively in gas compression anddgaamics is the ratio of specific heats. This

is a ratio of enthalpy and internal energy of ths tp form the following:
K=-—"2 (2.23)

Rearranging Equations (2.22) and (2.23) definessibigaric heat capacity in terms of the ratio of

specific heats and specific gas constant as follows
c,=——R (2.24)

Relating to the ideal enthalpy difference betwees $tart and end states of the compression
process defines the isentropic compressor work figuations (2.21) and (2.24) as the

integration with respect to temperature change:

:us,c :(hz _hl):CpI.:;z dT:ﬁRg (TZ _Tl) (225)

Considering a frictionless ideal compressor, theclirge temperature is calculated from the

compressible equation of state (Eq. 2.16) as falow
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k-1

T, = Tl(&j ) (2.26)
Py

Substituting into Equation (2.26) the compressicorknfor pressure in place of temperature

defines the isentropic compressor work equation:

W, _( « P, ) <
Heaqsentropic = :us,c = m = (mj Rg Tl (FZJ - 1 (227)
1

Notably this definition is similar to the polytrapcompressor work defined in Equation (2.15).
Replacing the exponemtof the polytropic head equation defines the isgntr head. The two
compression process models were derived from diftestarting points and result in similar

final equations, differing by the exponent refegrio the appropriate compression process.

2.4.4 Conclusion of Compressible Work Discussion

With appropriate gas properties, the polytropicchea isentropic head of the delivered gas is
accurately calculated. The actual compression geoce between a polytropic and isentropic
process, thus considering either of these modetsepts an accurate description of the
compression process. For single-stage compressgumigstry typically utilizes the isentropic

process relation for evaluatig@resh, 2001)The International Organization for Standardization
(ISO) has defined suitable applications for polgtcoand isentropic processes regarding the
evaluation of centrifugal compressors in the Tudmpressor Performance Test Code standard
ISO 5389. According to this standard, an isentroprocess can be considered as the
compression process model for single-stage commesgdth low pressure ratios and when the

compressed fluid exhibits no change in compressibilThis standard further defines the
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application of a polytropic process as best suibeanoderate to high pressure ratios, multistage
compressors, and applications where the comprefa@gll acts as a real gas during the
compression process; hence the compressibiligss than 1.0JSO 5389, 2005)ldeal gas and
real gas considerations in PTC10 are defined thrdbg adherence of the gas compressibility
within specified limits of compressor pressureagBTC10-Table 3.3]. Gas compressibility will

be covered in further detail in Section 2.7.6.

2.4.5 Compression Power

The power for an ideal compressor to compress thet ivolume flow to the required
compressible work is termed the gas power. Thgga®r is calculated via a polytropic process
or isentropic process. Rearranging the Equatids) (hnsidering the polytropic head in Equation

(2.15), and inlet mass flow (Equation 2.2) defittesgas power as:

Polytropic Gas Power:

Poe =Woo = (O bt e (2.28)
Isentropic Gas Power:

Pre =W = [0V )bt (2.29)
Considering the compression efficiency with the gewer details the actual gas power:

Actual Polytropic Gas Power:

I:')p,a =Wp,a - (pv)inlet% (2.30)

p
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Actual Isentropic Gas Power:

psa :Ws,a = (pv)nlet%

(2.31)

2.4.6 Compressor Polytropic and Isentropic Efficiency

There is an ideal compression process and the laptmapression process of the operating
machine. The compression efficiency is establisghedmodynamically to evaluate a machines
ability to create head and volumetric flow. Bothe tlsentropic and polytropic compression
models have an efficiency relation respective ef phocess. The efficiency calculation of both
compression models utilizes total or stagnationpemature and pressure of the working fluid,
referencing absolute conditions of the respectiveasarements. The isentropic efficiency is

defined as follows:

K1
pmbssz ‘ -1
pt,absl
s ==
(Tt,abs,z,a ] _ l:l
L Tt,absl

The polytropic efficiency is defined through thetisaof the polytropic exponent and the

(2.32)

isentropic exponent as:

(2.33)



2.5 Turbocharger M easurement L ocations

According to research performed by Chapman and Blo(000) monitoring performance of
the turbocharger operating on-engine is an impbodaset to the overall emissions strategy of the
owner/operator. When instrumentation is appliedemly, engine air delivery and efficiency
can be monitored to evaluate the general healtth@fturbocharger. There is a significant
challenge to collecting accurate field data. Iredidated test cell, the piping layout to and from
the compressor and turbine can be designed to lisbtatwirl free fluid streams to obtain
accurate pressure and temperature measuremerggatbtde machine performance. On engine,
the turbocharger piping depends on the air and wsthaanifolds per design by the original
equipment manufacturer and specific installatidme Tanifolds may vary dramatically between
installations; thus standardizing instrument lomagi in the field piping would be an impossible

task.

The performance parameters to monitor for importgerating information of a turbochargers

health and air supply to the engine @€dapman, 2000)

Turbine inlet/outlet pressure and temperature

» Compressor inlet/outlet pressure and temperature

» Compressor delivered airflow

* Ambient conditions collected in the vicinity of thiestallation (barometric pressure,

temperature, relative humidity)
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These performance measurements are best suitedheatflange locations on-board the
turbocharger to minimize piping effects, howeverogar care and calibration of the
instrumentation is required. The flow profiles he tflange locations are unsteady and highly
turbulent. Following a suitable calibration of thestruments applied at these locations with a
well established testing system, the measuremeats detail the operating turbocharger
performance on-engine. Figure 2.8 and Figure 2t@ildéhe installation locations determined

through the research by Chapman and Mohsen.

Cormpressor Inlet

Static Tetnperature
/ Compressor Inlet
n__ [ Static Pressure
g

Compressor Exhaust
Static Termperature

Compressor Exhaust
Average Static Pressure

Compressor Exhaust
Awerage Total Pressure

Figure 2.8: Compressor Performance Measurement L ocations (Chapman, 2000

2
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Turbine Inlet
Static Pressure

Turbitie Exhavst
Static Temperature

{ __+__}

Turbine Inlet
Static Temperature

Turbinelnlet Temperature and Pressure Turbine Outlet Temperature

Figure 2.9: Turbine Performance Measurement L ocations (Chapman, 2000)

2.6 Piping Pressure L osses

The compression pressure ratio between the inlétdascharge conditions at the respective
compressor flanges is a key component of compiessibrk. If pressure tap locations are
significantly away from the compressor inlet andletulocations, losses incurred through filter
media, pipe connections, etc. shall be considerdte pressure ratio to accurately evaluate the
overall pressure rise of the compressor. The pressiio equation below includes the losses for

the inlet and discharge connection considerations.

+ ’
PR — & - p2 pdls.losses (234)

pl pamb - pinlet.losses

To account for piping losses, a differential pressmeasuring device could be installed, or the
pressure difference can be calculated from well#ished equations. In the case of Equation
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(2.34) for pipe connections, the losses can bermé@ted by suitable friction factor and pressure

loss evaluation for the flowing fluid.

Relative roughness,, is a factor measured as the average size ofceunfaperfections in the
piping material. The relative roughness for carlsteel piping is 0.0002 fiLindeburg, 2001).
The surface roughness coefficient is defined byréhative roughness and the inner diameter of

the piping as follows:
SurfaceRoughnesgoefficiert = % (2.35)

The Reynolds number of the flowing fluid is a rabibinertial to viscous forces. This is used to
compare the dynamic fluid flow condition betweefffating piping conditions to ensure the
frictional forces of the flowing boundaries are qmared(Munson, 2002)

Re= VP (2.36)
U

For circular piping, the Reynolds number can beéngef in terms of the mass flow and reference

geometry in place of the velocity component in Eouma(2.36) as follows:

Re= M (2.37)
mubD
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Figure 2.10: Moody Chart (Munson, 2002)

As detailed by the Moody chart (Figure 2.10), thetibn factor,f, of a flowing fluid through a
pipe or conduit depends on the surface roughnesi§igent, and the Reynolds number of the
flowing fluid. The friction factor is required farse in pressure drop calculations with the Darcy

Equation (2.42) (Table 2.1).

There has been significant effort to detail the Bypahart in the form of functional equations to
establish friction factor without the requiremerit reviewing the chart in Figure 2.10. The
equations in Table 2.1 determine friction factor asfunction of the surface roughness
coefficient, and Reynolds number. With the exceptwd Churchill (Eg. 2.41) and Chen (Eq.

2.39), the equations are for Reynolds numbers gréladn 3,500, or above the transition range in
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Figure 2.10. Each equation was compared againsMitbedy chart, finding the accuracy of

Churchill suitable for the analysis for two reasoiasger Reynolds number range and accuracy
with Moody chart when compared against the ChenSmamee-Jain equations (Eq's. 2.39 and
2.40). The Colebrook equation (Eq. 2.38) was naluated due to iteration requirements of the

friction factor,f.

Table 2.1: Friction Factor and Pipe Pressure L oss

Name Equation Eq. No.
Colebrook
L 20l0g (”Dj+ 251 | Re=3500
Jr 37 ) Re/f (2.38)

(Munson, 2002)

Chen (979} 1 _ | olog ( £ID j_ 50452 (1 ( B j 1% 58506
JE 37065 Re 2.8257\ D Re %% (2.39)
Re=

1

Swamee- 025
. f= ,Re= 3500
Jain (1976) . (g / Dj . 574 2 (2.40)
g 37 R
Churechill i 1
(2977) f= 80{(£j +;ls:|12 Re>1
Re 16 16 |-
o+ %) (2.41)
a= 2457In (—5/ Dj + (ljo'g p=37>30
' 37 Re Re
Darcy 2
Ap,, = pfLV
2D pe9 (2.42)

(Munson, 2002)
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2.7 Thermodynamic and Fluid Properties

The mixture of the working fluid is integral to Iothe polytropic (EQ’s. 2.15 and 2.27) and

isentropic compression processes in the specifec gmstant,R;. With ambient air as the

working fluid of a turbocharger, the two componetatconsider in the specific gas mixture are
dry air and water vapor. These components defieentblecular weight of the gas mixture,

MW._... The molecular weight of the mixture details tpedfic gas constant from the universal

gas constantR. . The specific gas constant of the inlet air coasiy the molecular weight is
defined as:

__R
R, = (2.43)

mix

The specific gas constant is required to accuratalgulate the gas density, ratio of specific
heats and compressible work. The ambient conddioth mixture will change throughout the
course of a day and therefore are required to Iddtai gas condition for any compressor
operating point in question. The following sectialeail the water vapor, isobaric specific heat,

and ratio of specific heats.

2.7.1 Mole Fraction and Molecular Weight

The molecular weight of the mixture requires thecfion of each component of the mixture; or
the mole fraction. The mole fraction of water vapoicalculated from the actual water vapor,

barometric pressure and saturated vapor presstiod@ass:

y, = & (2.44)
pamb - psat
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The water vapor of the mixture is determined frdma telative humidity and the saturated vapor

pressure as follows:
pvapor = rh psat (245)

With the mole fraction of the water vapor, the noolar weight of the mixture is calculated as

follows:

Ile\/mix = z yv,i MVVI = (1_ yv)MWair + yv Manpor (246)

2.7.2 Saturated Vapor Pressure of Air

The water vapor of the inlet gas changes due taearhbonditions. The amount of water vapor
in the inlet air can be determined from the psyotetsic chart or via the saturated vapor from
thermodynamic tables for steam. However, these odstinequire examining the chart or tables
for each operating data point of the compressoratipe. To determine the saturated vapor
pressure without the use of the psychrometric cbadteam table, an algorithm can be used,

provided the accuracy of the calculation methag&sonable.

To determine the saturated vapor pressure of tiaenairflow, the steam tables are evaluated
utilizing the relation in Figure 2.11. This is tlkefunction saturation line established in the

ASME Steam TableASME, 1993)
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Constants for the reduced saturation pressure:

k, = -7.691234564 k, = —26.08023696
k, =—-1681706546 k, = 64.23285504
k, =-1189646225 k, =4.16711732

k, =20.975067600 k, =10°

k, = 60
9=Tefn—dK) & o=1-6 (2.47) & (2.49
647.27K
1 2 3 4 5
B, = ldqa +k,0° +k,o +kia +K 07 | 20 (2.49)
0 1+k,o +k,o keo” +K,

Critical pressure: P, = 3208235psia

Saturated vapor pressure; p...(psia) = p,, (&% (2.50

Figure 2.11: K-Function Saturated Vapor Pressure of Water

The K-function is suitable from 32.018°F to theticel temperature of 705.47°F, well outside of
the requirements to detail water vapor of the irdetbient air, 32°F-120°F. This function

provides a method to calculate the saturated vppessure for the operating inlet temperature.
As compared against the steam tables, this fungiiesents an accuracy of +0.003%, -0.004%
for the temperature range of ambient air. Additlom&thods at slightly reduced accuracy are

detailed for reference in Appendix A: Saturated Mapressure Methods.
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2.7.3 | sobaric Heat Capacity

The gas mixture at a given state typically requieagewing data tables for each gas component
of the mixture. As detailed in Equation 2.20, efglidhanges with respect to temperature can be

detailed as the isobaric heat capacity, The specific heat of dry air and water vapor I t

mixture, ¢ will be calculated separately for each comporemta molar basis¢,;. The

p,mix ?
specific heat of the mixture on a mass basis isutated from the component molar specific
heats and the molecular weight as follows:

Cp,
yv,i MVVl

(2.51)

Cp,mix = Z
i

The specific heat of dry air and water vapor on @ambasis is calculated by the following

polynomial equatiofMoran, 1995)

Cos = @+ BT +yT2 + 0T + £T4)R, (2.52)

The constants of this polynomial and the molecwl@ights of air and water vapor are defined in

Table 2.2.

Table2.2: Constantsfor Specific Heat Polynomial for Dry Air and Water Vapor

Gas Molecular Weight| @ Bx107° | yx10° | 6x10° | ex10™
Air 28.97 Ib/Ibmol 3.653 -0.7428 1.017 -0.328 0.826
Water Vapor, 18.0153 Ib/Ibmol 4.070 -0.616 1.281 -0.508 0.0769
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2.7.4 Ratio of Specific Heats

In many cases the water vapor contribution to tirgure is neglected which can be a source of
error in the calculations. With the definition dfet specific gas constant and isobaric specific
heat of the mixture, the ratio of specific heatsh@ mixture is determined with substitution of

Equation 2.22 as follows:

. = “pmix (2.53)

At times, the isobaric specific heat is consideaedonstant value of the gas at the inlet gas
temperature. There is a significant compressor vaoik temperature change between beginning
and end states of the compression process. Betagisatio of specific heats, and specific

heat at constant pressure are a function of temperature, increased accufemy the

p,mix ?

change of these values during compression is ebalias follows:

+K

K - Kinlet outlet (254)

avg 2

According to lidtke (2004) the polytropic exponent and the isentropic exporshould be
calculated between beginning and end states fouracg of the compression process.
Performance Test Code 10 considers this change megpect to the isentropic exponent;

however this is not a consideration of the polyicagxponent.

2.7.5 Viscosity of Air and Water Vapor

The absolute viscosity of the inlet airflow is régd for the Reynolds number. Considering the

gas mixture, the absolute viscosity is calculattbdows (Miller, 1996), (Ikoku, 1984)
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_ Z Yi i V MVV| _ (1_ yv)luair V MWair + yv/'[vapor\/ Manpor

Hix = - (255)
Z yi \/Mvvl (1_ yv)\/ |leair + yv\/Manpor
The absolute viscosity of air is calculated asofel (Tapley, 199Q)
" 2 _, Ibf sec
Uy = (— 4659x10°T(°F)” +0.006834T (°F) + 3297)><10 (2.56)

ft2

The absolute viscosity of water vapor is calculasdollows(ASME Steam Tables, 1993)

Ibf sec
ft 2

Hyspor = (1278><10‘6T(°F)2 +0.003306T (°F) + 1.799)><10'7 (2.57)

2.7.6 Gas Compressibility

Gases either follow the ideal gas law or the reallgw, depending on the compressibility for the
pressure and temperature condition of the gas.ciiieal pressure and critical temperature of a
gas mixture is evaluated as a pseudo-critical ¢mmdi The pseudo-critical pressure and

temperatures are comprised of the individual coreptsof the gas.

Pseudo-critical Pressure:

ppc = z yl pcr,i (258)

Pseudo-critical Temperature:

Toe = 2 W Ters (2.59)
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The reduced pressure and temperature of the gdsrmixre then determined by the following:

Reduced Pressure:

p, =— (2.60)
Ppe
Reduced Temperature:
T = T (2.61)
T

To verify use of the ideal gas equations for a casgibility of Z=1.0, the reduced temperature

and pressure are utilized in Figure 2.12 to deteertiie gas compressibility.

[ T,=500 1g0
e o T T 160
= e "'-',—"'_/i‘_
0.90 e N e S S W
' = [ S = M L =
%27&‘50:—1&0",’ To<{_l3
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a L }rx\’, \r/\<
I \‘J\Sﬁ\\@ e i
3 O e, <
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Figure 2.12: Compressibility Chart for Reduced Pressure (Moran, 1995)
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2.7.7 Total Conditions

Temperature and pressure measurements in the @pstgm of the turbine and compressor flow
paths are static measurements, definedlag; or pg... for the respective measuring location.

The working fluid is in motion at the measuringdtions, containing both a static and dynamic
(velocity) component of the temperature and pressueasurements. If the working fluid were
brought to zero velocity and the temperature aedgure measured, a static measurement would
be the total or stagnation measurement of the gaslitton. To account for the dynamic
component of the working fluid in motion, the totaindition is calculated from the following

equations [PTC10-Eq’s. 5.4.4 and 5.4.6].

V 2
pt.abs = pstatic,abs + (pt ] (262)
2 .
dynamic
V 2
Ttabs = Tstatic,abs + [2 J (263)
C p,mix ;
' dynamic
pt,abs
o, = — s (2.64)
t Rth,abs
Error = p,, = Pypaq 107 (2.65)

The total pressure and total density of the workilngd are interdependent making this an
iterative calculation. This is performed with a de@lue in the form of static density, and then
iterated to a suitable accuracy for the total pressand density of the fluid stream. An error
between iterations for density or pressure as léetan Equation (2.65) provides a suitable

accuracy required for performance consideratiom® importance herein is the comparison of
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the total conditions of the working fluid indepentief the fluid piping and fluid velocity where
measurements are collected. The total conditiorthefvorking fluid are required to accurately

detail compressor work and efficiency.

2.8 Dimensional Analysisand Similitude

A useful method of comparing conditions for numerangineering models is through the
method of dimensional analysis and similitude. Imaga physical system (or physical model)
under study with at least five variables contribgtito the system, each of which requires
experimentation to determine their contributionisThequires a separate experiment for each

variable, maintaining the remaining variables canst

Following the individual experimentation, all dafeom all experiments would require

organization to detail the overall contributiontb@ model. Therefore a system of five variables
requires five experiments at a minimum and the dataveen all experiments is segmented. If
the number of variables were to increase, the miedéhg and evaluation can quickly get out of
hand. Moreover, some variables are interdependém. viscosity and density of a gas are
temperature dependent; holding temperature constairitains these important gas conditions

constant as well.

If the experimenter were to evaluate not the irdiial contribution but the coupled interaction of
the variables relating to the model, experimentatis focused to collecting more useful
information much easier. This is performed throdghensional analysis. Dimensional analysis
is a method of deducing important information ehadel given a description by a dimensionally
correct, dimensionless equation of the specificartgnt variables of the modélLanghaar,
1951)
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The purpose of dimensional analysis is to provideeans of relating the physical analysis to
useful dimensionless packets of information comgrthe interaction of the variables of a
model. The method is generally used in fluid meatgam the exploration of aerodynamics.
Although not obvious, one well known example okthiethod is the Moody chart (Figure 2.10).
The Moody chart relates the dimensionless frictioss of flow with respect to the surface
roughness coefficient, and the Reynolds numberheffluid and piping. The application of
dimensional analysis is found in the study of peotd of stress and strain, fluid mechanics, heat
transfer, electromagnetics and phygicanghaar, 1951)Additionally, this method can be used
in differential equations in the study of transgeas found with natural frequency analysis, and
gas dynamics to mention a few. The full power a$ thnethod is realized once applied and

provides a quick method of comparing models withHengthy or tedious calculations.

Though there have been many researchers in thisifieluding the well known works of Lord
Rayleigh, Edgar Buckingham, and Percy Bridgman,nie¢hod is commonly referred to as the
Buckingham PI theorem or simply PI theordiaylor, 1974), (Munson, 2002Yhrough the
analysis, the resulting relations are generallgnexiced as Pl terms, noted with the Greek letter
I1. This comes from the paper by Edgar Buckingh@d@l4) detailing the method which

presented the dimensionless productHd &srms.

To explore this topic we must also define the cphoé similitude to consider the geometry, and
dynamic and kinematic conditions required for motesdting. The following section details
similitude and the use of dimensional analysis. sEheoncepts develop the fundamental

methodology for evaluating compressor or turbindgomance.
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2.8.1 Unitsof Measure

Units of measure can be expressed in terms oflestall standards and presented numerically to
detail the physical relationship between quantisesh as time, length, temperature, mass,
velocity, acceleration, density, etc. Units of measof length are expressed through established
standards as meters, feet, yards, inches, milesAeta is expressed in terms of length squared,
detailing that a quantity applies to two length dimeions in relation to each other. Area is
expressed in terms of meters?, feet?, yards?, sfchmiles?, etc2. The basic unit or fundamental
dimension of area is therefore length squared (1#8; units of measure provide a physical

comparison to a standard reference measure.

There are different measurement systems, each iedaton to each other through standard
universal reference units. The two most recognipedsuring systems in general use today are:
the British Gravitational (BG) System, and Intefoaal System (SIMunson, 2002) These
measurement systems provide a means of establiahmgnerical value in standard recognized

units of measure.

The effort of evaluating models through dimensioaahlysis will provide the same overall

results independent of the unit measuring systeoyiged the fundamental units and resulting
equations are dimensionally homogenous. To be dimeally homogenous, the unit relations

must follow the same measuring system and basts,uior example: length in terms of feet,

time in terms of seconds, etc. Mixing units (ergehies and feet) will result in non-homogeneous
relations that are unit and variable dependenttaedefore physically meaninglegBouglas,

1985)
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2.8.2 Fundamental Dimensions

Fundamental dimensions are the basic units of lerighe, mass and force. In dimensional
analysis two fundamental dimension systems dehieer¢lations to the physical quantities: the

‘force, length, time’ (FLT) system, and the ‘malesgth, time’ (MLT) system.

Applying the fundamental dimensions to the equatibforce, F = ma, for example provide the

following dimensional groupings:

The FLT system:

(F)F = (FL72)"(LT2)? (2.66)
The MLT system:

(MLT2)" = (M)"(LT2)° (2.67)

where the indiceE, m anda are used to detail the terms of the force equatiadhe dimensional

groupings. Both groupings are correct considering fundamental dimensions. Due to
simplicity for the dimensions of a centrifugal comgsor, the fundamental dimensions herein
utilize the MLT system. The following sections dethe use and explore the application to a

centrifugal compressor.

2.8.3 Application of Dimensional Analysisto Centrifugal Compr essor

As detailed by Buckingham'’s theorgiuckingham, 1914the number of PI terms, to form a
complete description of the model depends on tmebau of variables to evaluate the modtel,

and the number of fundamental dimensians,The number of Pl terms that will form from this
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are:n - m = r. The theorem states that for a number of relatédriolependent variablegys, of

a model:

A, 0, G,---0,) =0 (2.68)
A solution of the dimensionless products of ¢heexistsas follows:
@n,.,n,,n,,..mn)=o0 (2.69)

The application to a centrifugal compressor wihypde a means to compare between the infinite
combinations of inlet air temperature, pressurigtivee humidity, volume flow, compressible
head and speed to create an effective evaluatiomeba differing operating conditions. The
operating variables and fundamental dimensions eemtrifugal compressor are detailed in

Table 2.3.
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Table 2.3: Centrifugal Compressor Dimensional Variables

Quantity Variable Unit Dimensions
. ft Ibf
Compressible Work U, - L2T2
lbm
. ft* )
Inlet Volume Flow V] : 13T 2
min
Shaft Rotating Speed N RPM T1
Compressor Impeller Tip Diameter at Exit D, ft L
. Ib
Gas Density D ?T ML
. . Ibsec L
Absolute Gas Viscosity U . MLT
: - Ibf L
Fluid Bulk Modulus of Elasticity E, re ML™T
Surface Roughness of the Internal Passages £ ft L

Since compressible work is the energy per unit ttedd the compressible fluid it is appropriate

to define this quantity £, ) to include the effects of gravity in the unit ginsions [PTC10-Eq.

5.1-3], (Douglas 1985) This establishes the dimensional groups inteedldo compressible

work as:

U, =@V N°, D% p% u E," e

ﬂc :vaNbDde/JeEvfgh
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where the alphabetic indices in the above equa#itm place holders for the evaluation.

Substituting the fundamental dimensions into talatron provides the following:
o= P72 = (BT (77", )°, (ML) (MU 2 (et 2) ()" (2.72)

Note there are seven variables (n) in the potesbéaition and three fundamental dimensions
(m), defining four dimensionless groups (r) to detlde model. Resolving the indices in the
above relation algebraically while maintaining coegsible work and volume flow as a primary

function of compression details the following redat

U, ZVaN (2—a—e—2f)D(2—3a—29—2f—h)p(—e—f)lueE fgh (273)

\

Regrouping each of the indices details the dimemsss groups from the above relation as

follows:

’LIC = — V . H . Ev .g
N2D2_dn11n21n3’n4)_(ND3’pND2apNZDzaBj (274)

Define the impeller tip speedif) as a primary quantity of the impeller diametethat exit ©,)

in Equation (2.75). The added is a constant and defines the rotational tip spéede impeller
from the rotational velocity ) and impeller diameter,). The constant has no dimensions

therefore maintaining dimensional homogeneity eghoup.
u, = (7ND,) (2.75)

with tip speed, this simplifies the groups as acfion of compressible work as follows:
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w ¥ (v Y o YR (e
| = 5| 5 = (2.76)
u, u,D, pu,D, P, D,

The variable indices, ¢, Re Ma) in the resulting group (Eq. 2.76) detail the ahles that will

be utilized to represent each Pl term. This statemefines the following important relations:

* Head is a function of the impeller tip speed sqdatiee head coefficienty .

* Volume flow is a function of the tip speed and idtgreexit diameter squared; the flow

coefficient, ¢ .

* The flow, head, and tip speed are coupled throbgHlow and head coefficient. Plotting the
head coefficient versus flow coefficient therefalefines a dimensionless compressor map
normalized with respect to impeller tip speed. Tikithe compressor signature of operation,

all operating and specified conditions can be eateld from this map.
The following also form a relation with the heackffient:
* Inverse Reynolds humbet/ Re.
« Inverse Mach number squareld,Ma?®, or the inverse Cauchy number.
« Surface roughness coefficierst/ D, .

The speed of sound, is defined from the bulk modulus and fluid depsitd can be rearranged

into the more common form found in gas dynamics as:
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c= |5 = [RT(9) (2.77)

0

When working with compressible fluids, either theuchy number or the Mach number may be
used(Munson, 2002)Although both are acceptable, when working wiéls gynamics the Mach

is the more common parameter.

Since all operating parameters of the compressodafined in the dimensionless groups, the
above relations define the correction methodolagydentrifugal compressors. Following the
dimensional relations to maintain dimensional hoermity, each dimensionless parameter can
be modified adding numerical constants. This isalteration typically found in turbomachinery

books and references.

2.8.4 Similitude

The concept of similitude provides a method of cangon between fundamentally similar
physical systems by following an appropriate matghof the dimensionless parameters. This
forms a characteristic match of the models. Theeetlree considerations or similarity laws to
maintain when matching conditions between modelsonfiparison: geometry, fluid dynamics,

and kinematics.

A geometric match between models is the highestewnof comparison through dimensionless
parameters. Schlichting details the geometric cmmation as providing mechanically similar
flows (Schlichting, 2000) The dimensionless quantities are in relation tspacific impeller
geometry; the impeller shape and blade height wiaieh fixed. If vanes are present in the
discharge diffuser the vane angle must be fixedvad when matching differing operating
conditions.
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Matching fluid dynamics considers maintaining thed effects of the models. This compares
the Reynolds and Mach numbers between models tarerthe applied fluid forces are

maintained for the deformation of the working flulttough the compressor. This also defines
the density ratio (specific volume ratio) considienas between inlet and outlet conditions of
PTC10. This is provided to maintain consistencyveen test and specified conditions [PTC10-

Table 3.2].

Finally, to match the kinematics between models,rttational velocity of the compressor must
be maintained to fulfill the final similarity lavBecause of the dependence of compressible head
on the tip speed, the rotational velocity playsignificant role in matching between model
conditions. By matching geometry and either dynanoickinematics, the third is automatically
matched through the fundamentals of similarity, @mdures similitude and validation of the

models(Munson, 2002)

2.9 Application of Smilitudeto Centrifugal Compression

For the case of a centrifugal compressor, the pyincansiderations for matching conditions
between models are geometry and kinematics. Th#iah&rces of the fluid are much larger
than the viscous forces, establishing large Reynoldmbers for a compressor. This plays a
lesser effect on the model comparison. According &ylor (1974) model flexibility is key;
insistence on utilizing the Mach number and Reysahimber matching can paralyze the
observer in detailing similitude in this applicatiorherefore, the machine Mach and Reynolds
numbers are secondary coefficients of similitudéhef compressor model. Research in this area
has established technical guidance for considghegReynolds number and Mach number in

models, and detailed in Sections 2.9.5 and 2.9.6.
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For any operating point of interest of the compoesa set of dimensionless parameters exists to
define the operating point. Secondly, considerihng head and flow conditions as primary
operation of the compressor, the following defomti(Equation 2.78) is therefore valid to
compare any two operating points between differinéet density conditions (ambient
conditions) or different compressible fluids. Tistermed as test and specified conditions and

the flow and head coefficient match is as follows:

¢Sp = ¢te & l//sp = l//te (278)

This definition is the fundamental relation reqdiréo establish performance comparison
between any two operating conditions of the congmesAdditionally, the Reynolds number and
Mach number must be considered to complete theeqiraf similitude. The following sections
detail the head and flow coefficients as found amiaus texts, and detail the Mach number and

Reynolds number relations required to completeatiaysis.

2.9.1 Flow Coefficient

Considering a centrifugal compressor the dimenssmlparameter for flow is [PTC10-Eq.

5.5.7]:

m 1 vV Vv
¢$=— = =

= = 2.79
p 2/ND,°  27ND,°  2u,D,’ (2.79)

The flow coefficient is defined in multiple sourcegh multiple constants, confusing the usage.
Each comparison is valid if data is collapsed amgaaded via the same dimensionless

parameter. Table 2.4 details different flow coeéiints found from sources referenced herein.
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This table details the importance of knowing thewflcoefficient utilized to guard against error

in collapsed or dimensionless data.

Table 2.4: Comparison of Compressor Flow Coefficients

Flow Coefficient
Equation Variant . . . -
No. Congtant, a 1{ Vv Dimensionless? | Reference Source
alu,D,’
(2.80) 2 v Yes (PTC10)
' 2u,D,’
n \Y
(2.81) — b/ Yes (ISO 5389)
4 —D,u,
4
' Cpmileabs .
(2.82) N/A —_—— Yes (Bathie, 1995)
p1D2
1 v Japikse, 1997
(2.83) — 3 Yes ( p )
Vg ND, (Dixon, 1998)

In the above table, Equation (2.81) is commonlynfbun European texts, and references the
T -1
flow of the compressor in comparison to a similaized hole for the terrfwz Dzzj . Equation

(2.82) includes the isobaric heat capacity andusled impeller rotational velocity. Error may be
introduced with this relation if the heat capadityinlet temperature were considered constant, or
if speed were different in the analysis. As fouming formation of the dimensionless relations,

Equation (2.83) references the fundamental flowffement in Equation (2.74).

-49 -



2.9.2 Head Coefficient

Similar to the flow coefficient, the head coeffigieis defined slightly different by various

sources. The parameter for dimensionless head818-Eq’s. 5.1-3 and 5.1T-4]:

Y =— (2.84)

Table 2.5 details head coefficients from sourcdereaced herein, comparing the applied

constant to the coefficient used in the text.

Table 2.5: Compressor Head Coefficient Comparison

Head
, Coefficient
Equation No Variant Dimensionless? Reference
q ' Congtant, a 1 ( Ah J ' Source
al u,’
PTC10
(2.85) 1 H 5 Yes (_ )
u, (Japikse, 1997)
1 H.
(2.86) 3 LZZ Yes (1ISO 5389)
2
1 Ap/ .
(2.87) = % Yes (Japikse, 1997)
71° N°D,
1 . Japikse, 1997
(2.88) — ,2u > Yes ( p )
7 N°D, (Dixon, 1998)

In this table, Equation (2.86) is the ratio of heaxl the impeller tip speed in a form similar to

the ratio of head to kinetic energy from the energie Equation (2.4). Though the velocity
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difference between inlet and outlet conditionsasstdered negligible, this equation follows the
same form due to the importance of tip speed topressible head. Equation (2.87) defines a

pseudo-head with the terdp/ p. This equation does not utilize the equation afesfor gases

(Eg’s. 2.7 and 2.16) and may introduce error wiitledng gas conditions. As found during
formation of the dimensionless relations, Equat{@®B8) references the fundamental head

coefficient in Equation (2.74).

2.9.3 Power Coefficient

The dimensional analysis in Section 2.8.3 can lized to form the power coefficient for the
compressor as the head and flow coefficients wermdd. This can also be completed by
utilizing the flow and head coefficient (Eq’s. 2.3ad 2.84), and the gas power in Equation

(2.28) or (2.29) as follows.

Ijp,c = (p\])inletl'lp.c = (pinlet )(2¢ u2 Dzz)(l//p u22) (289)

Forming the polytropic power coefficient as follaws

= LH (2.90)
210inlet D2 u2

p.C

Similar to the flow and head coefficients, the disienless power can be utilized to compare the
gas power signature of the compressor at varyirgipd density and speed conditions. The
actual gas power can therefore be establishedlas/fo

Q P

Q 2 = P = pe (291)
3 ,7P 2pinletD22u23,7p
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2.9.4 Dimensionless Compressor Map

Plotting the dimensionless characteristics of a @hpdesents a method of comparing numerous
details and aspects for evaluating ddiaylor, 1974) As defined above, the head coefficient is a
function of flow coefficient. The isentropic or ptiopic efficiency is a function of the flow
coefficient as well. Due to the interdependence spked, diameter, head and flow, a
dimensionless map can be detailed. Plotting thel leeeefficient and efficiency versus flow
coefficient for the compressor model and impelleorgetry, develops a characteristic curve or

signature of operation for a specific compressodeh(l_iidtke, 2004.)

2.9.5 Machine Mach Number

As resolved in the dimensionless groups (Eq. 2ti6) Mach number defines an important
parameter to the compressor performance evaludtioplace of the Mach number, a machine
specific Mach number will be defined as the rafiehe tip speed of the impellau,, to the inlet

speed of soundt, of the working fluid as follows:

(2.92)

This is a reference Mach number suitable for evmlnaof compressor consistency between
model conditions. The name could be suitably tertqedpeed Mach number. The importance
lies in the dependency of compressor head andypeesatio on the impeller tip speed, i.e. the
Mach numbeiLudtke, 2004) Rearranging Equation (2.27) to define the pressaitio in terms

of the head coefficient and machine Mach numbendsfthe following important relation:

':2 =[p M2k -1) +1] ) (2.93)
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The importance of this equation is the head caefiicis a function of the tip speed, and the
pressure ratio is a function of the Mach numbelis Tdefines the importance of the machine
Mach number in the correction procedure and thabéshment of speed limits. Following the

guidance of PTC10 requires the difference in maehach number between test and specified

conditions, (M ,, = M ,,.,) to be within the boundaries plotted in Figure 2Zd @nsure a suitable

comparison between conditions.

0.3 :
0.2
0.1
g&
[ 0.0 'i
3 L%
= s =
01 =X =
MES===
) 0.2 0.4 06 0.8 10 1.2 1.4 1.6
Mach No. Specified — Mmgp
Figure 2.13: Allowable M achine Mach Number Departure (ASME PTC10-Fig.3.3)
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2.9.6 Machine Reynolds Number

As with the machine Mach number, the Reynolds nurigbmodified to suit the dynamics of the
compressor to represent the fluid friction in thenwf passages of the compressor diffuser section
(Ludtke, 2004)From the dimensionless groups defined in EqugRor6), the Reynolds number
is modified to accommodate blade height of the ifepat the exit b,) to the diffuser, viscosity

in terms of the inlet condition, and velocity imrtes of the tip speed of the impeller. This defines
the machine Reynolds number as:

_ P,U,b,
Hy

Re, (2.94)
Following the guidance of PTC10 requires adheresitkin the boundaries plotted in Figure
2.14 to ensure a suitable comparison between elss@ecified conditions. This also ensures the
machine Reynolds number between test and speabaditions is within a suitable range for

correcting efficiency and the head coefficient.
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Figure 2.14: Allowable M achine Reynolds Number Departure (ASME PTC10-Fig.3.5)

2.9.7 Reynolds Number Correction for Centrifugal Compressors

The two notable variables of the machine Reynoldslver are tip speed and kinematic viscosity
(v=pul p), or the absolute viscosity and density. The pieexl must be within the bounds of the
machine Mach number limits (Figure 2.13). It is medsible or cost effective to maintain the
machine Reynolds number during performance testiSgnon, 1983) Wiesner (1979)

established a method for correcting for the effeft®Reynolds number on the head and flow
coefficients, and efficiency. This method has bsemplified for use in PTC10 and corrects the
head coefficient and efficiency only, as detailadEquations (2.95 thru 2.101) [PTC10-EqQ’s.

5.6.1-5.6.5];
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0988

U b RC
RA= 0066+ ogs{%qj (2.96)
2
where: U,, = 480 ELOGft— (2.97)
se
1367
Iog(asp + R j
RB= (2.98)
log & + 1367
te R
where: £, =0.000125n (2.99)

When the Reynolds number ratRg, ./ Re,,, is within the bounds of Figure 2.14, the

efficiency and head coefficient can be correctedthe effects of Reynolds number on the

working fluid. The polytropic efficiency correctiaa as follows:

Mpsp =1+ (’7 pte _1{ Rpgpj(ﬁj (2.100)

RA. \ RE.

The Reynolds number correction coefficierRg, .., then defines the correction to the

polytropic head coefficient as:

an,corr = ,7959 = w =
,7 pte l// pte

(2.101)
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This correction applies to either polytropic orngepic efficiency, and polytropic or isentropic

head with the corresponding substitution in Equmeti(?2.100) and (2.101).

Although there are a number of additional worksrfnraumerous authors in this area, it is beyond
the scope of this work to detail each of the Regaalumber correction methods available for
use today. Interestingly most works in this areat foom the Colebrook equation as the basis of
theory and derivation, therefore they agree ingwle and not in the finer details of the
application(Wiesner, 1979)Interestingly the Reynolds number correction niddelSO 5389
utilizes a method developed by Strub et(2887) Therefore, the Reynolds number correction
methods in the widely referenced compressor pediaga test codes in the United States and
Europe (PTC10 and ISO 5389, respectively) varyiBagmtly requiring a thorough review of

the open literature, and suitable evaluation dfegimethod prior to use.

2.9.8 Density Ratio

The density ratio between inlet and outlet condgicenables a comparison of compression
between the test and specified gases. PTC10 establthat the normalized density ratio of test
to specified conditions equals one, with a toleeaot+4%. The following equation details the
calculation of the specific volume ratio and dengiatio for test and specified conditions

[PTC10-Eq. 5.5.5];

o) 5,

ey Py (2.102)
o) (%)

Tolerance96% <r, <104%
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2.10 Concluding Remarks

The above literature review leads to the followalgervations:

» Matching the specified condition of the turbochargamperative to verify the design before
installation. The importance of this is to verifyetcompressor and turbine efficiency which
can have a significant effect on fuel consumptiae do their coupling to exhaust gas

backpressure and air delivery to the intake madhifol

* A suitable testing apparatus to accurately dethé information required to define
performance of the turbomachine will utilize sigeaint live computations at time of test.
The calculations to detail the operation must befopmed at time of test to ensure an

accurate verification process.

* The required thermodynamic conditions of the irdat are defined by the temperature,

pressure, and molecular weight detailed throughetaive humidity.

* The polytropic and isentropic compression process®s comparable and differ by a
compression exponent representing a machine expligas explicit exponent. The use of
the polytropic equations may significantly limitetluse of dimensional analysis because the
specific inlet and outlet gas conditions are cap in the compressible work data. Re-
expanding this data into pressure conditions reguine specific polytropic exponent of an
operating point. However, collapsed isentropic heaa be re-expanded easily to nearly any
condition in the compressor map because the igantexponent is defined by the gas

mixture of interest.
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The use of dimensional analysis provides a mettiabltapsing and re-expanding collected
data to any condition required for evaluation. Tinisthod could be applied at time of test to
verify that all data for a given turbocharger falo a dimensionless characteristic curve or
signature providing a method of quality assuraridaree of test. This method may detail any

operating point in the compressor map.

The effects of the speed variable may be signiflgaeduced in the Mach and Reynolds

number analysis by testing at the required speedetoonstrate the required head. There
appears to be a significant variation that couldapplied to a corrected data set given the
limits of the PTC10 models when the test and s@etifas is the same, as in the use of air

for this study.
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CHAPTER 3: Test Appar atus

Operating a turbocharger for a large-bore engirfsitefrequires a specific infrastructure to
supply the required power to the turbocharger fechanical testing and collecting accurate data
of the performance envelope. With the command tdmotimes certifying performance prior to
field installation, the importance of this taslgigat. A test cell was designed at the National Gas

Machinery Lab (NGML) of Kansas State University this specific reason.

3.1 Test Cel Design Requirements

There are a number of systems required to supparbacharger under test and collect accurate

data. The following list details the systems regdir

Carefully designed piping system and mass flow nn&ag devices.

* Properly installed and calibrated instrumentatind data collection system.

* Reliable control systems for generating turbine aeh gas and controlling compressor

discharge pressure.

» Auxiliary systems for heat rejection and bearingrication.

» Heavy duty support system for turbocharger undsty gad collecting robust vibration data.

ASME has developed several Performance Test Cdd€€’'¢) to define best practices for
design configuration and measuring instrumentatmrmaximize accuracy for performance
measurements of compressors and exhausters. Tiga @éshe test cell utilized the following

ASME guidelines to detail the configuration and\pde guidance:
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* PTC10 on Compressor and Exhausters

e PTC19.5 on Fluid Meters and Flow Measurement

3.2 Exhaust Gas Power System

This section discusses important details of thegdeas it pertains to the turbocharger testing
required herein. The test cell was designed tovelel variable flow rate of 3 Ib/sec to 30 Ib/sec
of compressed air at up to 36 inHgG at 1,000°F eghgas temperature to the turbine inlet of a
turbocharger. This provides the power necessapptaopletely performance map a compressor
and turbine of turbochargers with moderately higtbine inlet pressures. Figure 3.1 details the

system layout of the designed test cell.

A gas turbine engine driving an axial compressavigles the pressurized air stream for the
exhaust gas to the turbocharger turbine. The axalpressor was a modified compressor core
section of an Allison T56 (501D) gas turbine engiflee combustion and turbine section of the
engine were replaced with an aft bearing and digehair collector as the rear housing. A
coupled 2,400 HP gas turbine engine (GE-T64B) medithe shaft power for the axial

compressor.

The air leaving the compressor discharge colleeiters a piping section to measure the mass
air supply to the turbocharger turbine inlet. Afinea combustion burner utilizing natural gas
heated the compressed air from the axial compreéesmmaximum of 1,000°F, establishing the
independent exhaust gas stream of the test cedl.flél mass flow rate was measured with an
orifice run to obtain the air fuel ratio and theuking specific heat and ratio of specific heats f

turbocharger turbine calculations.
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Figure 3.1: Turbocharger Test Cell Layout
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3.3 Compressor Air System

The airflow drawn into the turbocharger was measuwvigh a high accuracy ASME long radius
flow nozzle. An ambient measuring station detdis tocal weather conditions of the testing
center. Instrumentation in the piping preceding cbepressor inlet measures the temperature,
pressure, and airflow to the compressor. To contrelcompressor pressure rise, two discharge
headers are fitted with precision valves to sinmutle restriction an engine would provide. The
discharge headers are instrumented to measure réssupe and temperature rise of the

compressor discharge air.

3.4 I nstrumentation and Perfor mance Data

Instrument and measurement accuracy is importantiétermining machine performance. Per
the guidance of PTC10 to ensure the condition efabmpressible gas is accurately measured,
temperature and pressure are measured for then¢uemid compressor inlet and outlet flow
streams with four instruments for each location.isTis detailed in the process and
instrumentation diagram (P&ID) of Figure 3.2. Th&seone exception to this statement, due to
piping diameter considerations there are only twesgure transmitters installed in each of the

discharge headers preceding load valve 1 and 2tagedl in the P&ID.

The compressor discharge and turbine inlet heaslers fitted with insulation to minimize heat
loss to the surroundings, and maintain accuracyhef high-temperature measurements. All
instruments are connected to a programmable lagitraller (PLC) to continually monitor the
turbocharger under test. In addition to monitori@gperatures and pressures of the turbine and
compressor conditions, the PLC monitors bearing janklet water conditions for stability and

safety.
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Figure 3.2: Turbocharger Test Cell Process and I nstrumentation Diagram
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3.5 Performance M easur ement Data

The complete performance profile of a turbochargeletermined from temperature and pressure
instruments, and the related thermodynamic andd flmechanic properties. A PLC is
programmed to compute flow and performance calicuiatof the operating turbocharger and
record the performance data for test reportingadeordance with the Test Standard for Testing
Large-Bore Engine Turbochargegi@hapman et al. 2005)[able 3.1 details the measurements

required to quantify turbocharger performance. Thialso a table form of the P&ID detailed in

Figure 3.2.
Table 3.1: Test Cell Turbocharger Performance Data

No. Description No. Description
1 Barometric Pressure 8 Turbine Inlet Pressure
2 Ambient Temperature 9 Turbine Inlet Temperature
3 Relative Humidity 10 Turbine Discharge Pressure
4 Turbo RPM 11 Turbine Discharge Temperature
5 Compressor Inlet Pressure 12 Turbine Mass Flate Ruel + air)
6 Compressor Inlet Temperature 13 Cooling Water Pressure &

Temperature

7 Compressor Dis. Pressure 14 Cooling Water Flote Ra
8 Compressor Dis. Temperature 15 Lube Oil Pres&uremperature
9 Compressor Mass Flow Rate 16 Lube Oil Flow Rate
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CHAPTER 4: Turbocharger Specification

4.1 Specified Engine Design Point

As discussed in Section 2.1.3, the turbochargeesgned to provide airflow to the engine for
exhaust gas scavenging, and to balance the aireghdust manifold pressures necessary to
achieve the specific trapped mass and deliver ¢qeaired airflow per the site condition. This
defines the turbocharger design specification, égertne design point. The design point details
the site ambient conditions and inlet air conditiordefine: density, viscosity, isobaric specific
heat, specific gas constant and the ratio of sigebdats. This also details the mass flow and
discharge pressure from the compressor to meetdteired engine airflow and manifold
pressure at the design point. The specified cardhtierein refers to the design point. This details
the gas condition to the compressor inlet utiliZed generating the compressor map(s) at
specified conditions. The design point of the cosspor of the turbocharger tested is detailed in

Table 4.1.

Table4.1: Turbocharger Design Point Condition

M easur ement Specified Condition
Inlet Temperature [°F] 59.0
Barometric Pressure [psia] 14.70
Relative Humidity [%0] 0
Compressor Mass Flow [Ib/sec] 12.680
Discharge Pressure [psia] 25.18
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4.2 Compressor Design Point

As discussed in Section 2.3, site density contt@samount of delivered mass flow of the intake
volume flow to the compressor. The design pointaible 4.1 must be converted from mass flow
to inlet volumetric flow via the conservation of ssa(Equation 2.2) to define the design point in

terms of the compressor operation.

The ambient condition of the test center will nkely equal the ambient condition as defined in
the specification. To develop the required infrastinre to preheat or cool the inlet airflow to the
turbocharger to meet site conditions is cost pritikid Because the centrifugal compressor is a
compressible work (head) machine, the site headinext) for the design point is calculated
through the compressible work Equation (2.27). fibad equation includes the site temperature,

specific gas constant, and ratio of specific heafsgated here for reference:

k-1

W, K o)~
Hea o= === — R T — -1 2.27
disentroplc lus,c m [K _]J g1 ( plj ( )

With the specified gas condition defined in Tablg, 4he required compressible work is equated
via the isentropic definition to utilize the ratd specific heats exponent for the gas mixture,
The polytropic exponent of Equation (2.8) is definky the inlet and outlet pressure and
temperatures of the compressor. In a testing emviemt where the compressor performance is
to be defined and the efficiency is yet unknowrg tolytropic head cannot be calculated
accurately prior to testing to define the desigmpadl'he results of the calculations to define the
design point and the reference equation numbersirheletailing the specified condition are

listed in Table 4.2.
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Table 4.2: Compressor Design Point Calculation for Test

Description Variable Value Eqg. No.
Saturated Vapor Pressure [psia] Peat 0.2471 (2.50)
Relative Vapor Pressure [psia] Puapor 0 (2.45)
Mole Fraction Y, 0% (2.44)
Molecular Weight MW._ 28.97 (2.46)
Specific Gas Constant [ft-Ibf/lom-R] R, 53.34 (2.43)
Isobaric Specific Heat [ft-Ibf/lbm-R] C o mix 186.523 (2.52)
Ratio of Specific Heats K 1.401 (2.53)
Density [Ib/ft?] Puies 0.07651 (2.11)
Isentropic Discharge Temperature [°F] T, 145.38 (2.26)
Reduced Pressure [-] P, 0.05 (2.60)
Reduced Temperature [-] T, 2.25 (2.61)
Compressibility [-] Z 1.0 (Figure 2.12)
Inlet Volume Flow [ft3/min]* \V; 9,944 (2.2)
Isentropic Head [ft-Ibf/lbm]* Ui 16,098 (2.27)

* Design point verification inlet volume flow anddantropic head
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4.3 Turbocharger Build Data

There are key dimensions of the turbocharger redquio define the flow and head coefficients
(Equations 2.79 and 2.84). To correct the perfogeatiata from test to specified conditions
requires an evaluation of the machine Mach and &dgmumbers (Equations 2.92 and 2.94).
There are two physical characteristics for thegreniince and correction procedure; the impeller

exit blade heightb,, and the impeller tip diameteD),, to define the impeller tip speedl, .

Table 4.3 details the characteristic data requofetie turbocharger for the correction method.

Table 4.3: Turbocharger Build Information

Symbol Description Value
b, Impeller Exit Blade Height 1.079in
D, Impeller Diameter at Outlet Tip 1.500 ft
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CHAPTER 5: Test Cell Data

5.1 Compressor Test Data

The turbocharger was tested and performance maipptgk test center. The compressor was
tested at three operating speeds to collect theperformance data detailed in Table 5.1 and
Table 5.2. The performance map is established leyatipg the turbocharger at a set operating
speed, controlled by balancing turbine power to passor flow. Discharge load valves control
the discharge pressure to establish compressibik (8ee Figure 3.1). At least four operating
points are collected along a controlled turbochasgeed line for each speed curve. Table 3.1 in

Section 3.5 details the data collected for eachatdjmg point.
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Tableb5.1: Test Cell Data (1 of 2)

Page: lof2

Test Point Number Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7

Ambient Press (psia) 14.4 14.41 14.4 14.4 14.39 14.38 14.38
Ambient Temp (F) 59.33 57.38 58.01 58.28 61.29 63.73 64.58
Relative Humidity (%) 99.88 99.98 99.99 99.97 97.51 93.27 86.72
Turbocharger Speed (RPM) 8043 8007 8068 8040 9900 9901 9974
Compressor Inlet Press (psia) 14.03 14.07 14.08 14.1 13.93 13.94 13.96
Compressor Inlet Temp (F) 57.65 55.83 56.36 56.88 58.83 60.7 60.87
Compressor Outlet Prss-2 (psig) 3.77 3.92 4.13 4.26 6 6.23 6.55
Compressor Outlet Temp-2 (F) 107.58 107.55 108.22 110.62 133.48 136.79 139.17
Turbine Inlet Press (psig) 3.36 3.16 3.02 2.73 5.26 5 4.8
Turbine Inlet Temp (F) 761.08 819.34 914.46 1058.12 762.43 834.37 917.43
Turbine Outlet Press (psig) -1.49 -1.49 -1.49 -1.49 -1.49 -1.49 -1.49
Turbine Outlet Temp (F) 643.08 703.61 790.38 915.78 637.59 703.23 777.14
Lube Oil Inlet Press (psig) 14.22 14.7 14.86 14.47 17.62 17.64 19.19
Lube Oil Inlet Temp (F) 148.8 146.87 144.05 148.02 148.1 146.66 147.58
Lube Oil Oulet Temp (F) 148.07 146.08 144.22 148.91 149.59 148.65 150.13
Water Inlet Press (psig) 32.28 32.4 32.52 32.72 32.36 32.35 32.42
Water Inlet Temp (F) 148.13 151.32 152.66 154.77 152.32 152.16 153.37
Water Outlet Press (psig) 29.19 29.2 29.33 29.6 29.29 29.33 29.48
Water Outlet Temp (F) 156.99 160.83 163.78 168.47 162.5 163.61 166.55
Compressor Airflow (Ib/sec) 7.494 6.995 6.745 5.954 9.603 8.976 8.662
Lube Oil (Ib/sec) 0.26 0.26 0.26 0.27 0.3 0.29 0.32
Cooling Water (Ib/sec) 8.23 8.28 8.22 8.25 8.19 8.26 8.26
Compressor Flow (ACFM) 6082 5645 5448 4810 7830 7338 7081
Turbine Flow (ACFM) 0 0 0 0 0 0 0
Methane Flow (ACFM) 28 32 35 39 36 40 43
Lube Oil (GPM) 2.14 2.19 2.15 2.25 2.48 2.42 2.67
Cooling Water (GPM) 60.42 60.79 60.38 60.61 60.14 60.65 60.7
Pressure Ratio 1.295 1.303 1.316 1.323 1.464 1.478 1.499
Diff. Pressure (inHQ) 0.83 1.55 2.26 3.12 1.51 2.5 3.56
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Table5.2: Test Cell Data (2 of 2)

Page: 20f2
Test Point Number Point 8 Point 9 Point 10 Point 11 Poin  t12 Point 13 Point 14
Ambient Press (psia) 14.37 14.35 14.35 14.35 14.34 14.34 14.35
Ambient Temp (F) 64.44 67.54 67.67 67.58 69.67 70.68 71.79
Relative Humidity (%) 90.14 89.78 87.95 88.25 84.52 79.36 71.23
Turbocharger Speed (RPM) 9888 11852 11982 12017 11915 12026 12138
Compressor Inlet Press (psia) 13.99 13.73 13.74 13.73 13.76 13.79 13.83
Compressor Inlet Temp (F) 61.55 64.63 64.79 64.75 66.34 66.95 67.26
Compressor Outlet Prss-2 (psig) 6.61 8.84 9.03 9.08 9.22 9.72 10.24
Compressor Outlet Temp-2 (F) 139.97 171.01 173.92 175.01 176.32 179.82 183.78
Turbine Inlet Press (psig) 4.42 7.73 7.92 7.98 7.58 7.43 7.21
Turbine Inlet Temp (F) 1024.24 806.15 813.23 815.18 864.05 920.93 1003.36
Turbine Outlet Press (psig) -1.49 -1.49 -1.49 -1.49 -1.49 -1.49 -1.49
Turbine Outlet Temp (F) 871.21 657.77 661.04 661.78 705.21 755.53 828.27
Lube Oil Inlet Press (psig) 18.79 25.34 24.89 24.85 25.19 25.31 25.12
Lube Oil Inlet Temp (F) 150.2 145.68 149.25 146.83 151.85 147.6 147.66
Lube Oil Oulet Temp (F) 152.54 150.48 153.49 151.61 157.6 154.26 154.94
Water Inlet Press (psig) 324 32.15 31.99 31.91 31.87 31.87 31.97
Water Inlet Temp (F) 154.85 152.68 153.21 153.56 153.28 154.63 155.4
Water Outlet Press (psig) 29.75 29.25 29.32 29.58 29.93 30.16 30.74
Water Outlet Temp (F) 169.83 165.08 166.31 166.48 167.33 169.75 172.26
Compressor Airflow (Ib/sec) 7.91 11.692 11.808 11.912 11.287 10.921 10.578
Lube Oil (Ib/sec) 0.33 0.38 0.39 0.39 0.41 0.4 0.41
Cooling Water (Ib/sec) 8.23 8.22 8.19 8.19 8.16 8.22 8.25
Compressor Flow (ACFM) 6472 9690 9783 9859 9370 9072 8777
Turbine Flow (ACFM) 0 0 0 0 0 0 0
Methane Flow (ACFM) 47 49 49 48 50 54 58
Lube Oil (GPM) 2.74 3.16 3.24 3.22 3.47 3.37 3.39
Cooling Water (GPM) 60.46 60.38 60.15 60.16 59.93 60.43 60.6
Pressure Ratio 1.5 1.689 1.702 1.706 1.712 1.745 1.778
Diff. Pressure (inHQ) 4.46 2.26 2.26 2.24 3.34 4.66 6.17
5.2 Base Compressor Performance Map
This data is plotted as the raw performance mapigmre 5.1, and includes the turbocharger

design point. This plot presents the static popittdiead versus inlet volume flow as a starting

point to detail the correction method. The testeohimal speeds detailed in Figure 5.1 are: 8,000

RPM, 9,900 RPM and 12,000 RPM. The actual operapegds during testing varied within 1%

of the nominal values. The following sections deta® method of correcting the test data to the

specified condition.
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Polytropic Head vs. Inlet Volume Flow
Raw Test Data
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Figure5.1: Compressor Map Prior to Correction

5.3 Compressor Discharge Piping Elbow L osses

Due to space considerations of the test stand gunafiion, there are piping elbows between the
compressor outlet flange and the discharge pressessuring station preceding the discharge
load valve (see Figure 5.2). The pressure ratio) ((8ined in Equation (2.34) accounts for

intake and discharge piping losses. A differerpi@ssure transmitter is not installed in the test
cell to measure losses through the elbows. To atdouthis pressure loss for the pressure ratio
(PR in Figure 5.2), the Darcy Equation (2.42) idiagd. In the test cell, the compressor inlet

piping does not change direction between the cosspreinlet pressure measuring station and

the compressor inlet, thus inlet losses for Equat®34) are negligible.
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Figure5.2: Compressor Discharger Header Piping Elbow

The Reynolds number is calculated from EquatioB7Rfor the airflow through the compressor
discharge header and outlet viscosity defined ley dbtlet temperature and Equation (2.55).
Utilizing the Churchill Equation (2.41) the frichidactor in the piping is calculated for the Darcy
equation and pressure drop through the connecfidditionally the Darcy equation uses the
equivalent pipe length to define the loss throulg@ ¢lbow connection. The equivalent pipe
length (L,in Eq. 2.42) for the 12” elbows in Figure 5.2 isft9for use in the pressure loss

calculation(Lindeburg, 2001).
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The resulting pressure losses through the elbowplateed versus inlet volume flow in Figure

5.3. The elbow pressure losses are added to tlssyveeratio Equation (2.34) g% occes TOF

calculating compressor work.

Elbow Pressure Loss vs. Inlet Volume Flow
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Figure 5.3: Elbow Pressure L oss versus|nlet Volume Flow

5.4 Total Tested Gas Condition

The pressure and temperature measurements colldated) the test are static measurements.
The total conditions for pressure and temperatteealculated from Equations (2.62) and (2.63)
to include the dynamic condition of the fluid streaThe total pressure and temperature of the
inlet and outlet, as well as the elbow losses efdischarge piping are included in the head and
efficiency calculations. Figure 5.4 plots the tdtehd and static head versus volume flow in the

compressor map for comparison to evaluate the rdiffee. The total head plotted for the
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reference speeds is denoted as 8KkRPM.t, 9.9kRRRKRPM.t and Design Point.t, and includes
the elbow losses detailed in Figure 5.3. To deteenthe dynamic contribution to the polytropic
head, the difference in polytropic head betweeticsnd total conditions is calculated from

Equation (5.1) resulting in a maximum differencd@% as detailed in the plot.

,U c,total
R 1

Difference= (5.1)

,U p,c,static

Polytropic Head vs. Inlet Volume Flow
Static & Total Conditions
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Figure 5.4: Polytropic Head versusInlet Volume Flow
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5.5 Dimensionless Coefficients

Using the equations for the flow and head coeffitse Equations (2.79 and 2.84), establishes a
dimensionless compressor map (Figure 5.5). Thisedsionless map is normalized total

polytropic head and volume flow, with respect teexh, and the impeller diameter and geometry.
The head coefficients for all tested operating dpamllapse to a single line, which represents

the head and flow signature for this compressor.

The compressor polytropic efficiency is also pldttersus the flow coefficient. Efficiency is a
function of the flow coefficient and the tip spedte efficiency for the 8kRPM speed line is
slightly below the efficiency of the remaining speeof the tested turbo. Matching the flow and
head coefficient between test and specified camultito verify the specified operating point
(Equation 2.78) ensures the operating efficiencthefcompressor is established as expected to
operate on engine at the specified condition. Tigalighted region in Figure 5.5 details this
match in the dimensionless compressor map. Fodéségn point tested, the flow and head
coefficients arep=0.0396,y=0.616; the complete list of dimensionless coedfits are detailed

in Table 5.3.
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Dimensionless Results of Test Data
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Figure 5.5: Head Coefficient and Polytropic Efficiency versus Flow Coefficient

Polytropic Efficiency [ n.p.sp]

5.6 Corrected Compressor Map

The test data was corrected to the specified cdonddetailed in Table 4.1 with application of
the Reynolds number correction method (Equatio@% Zaru 2.101). The resulting Reynolds
number correction valueRg, ., established a correction range of 0.0% to 0.1#4he test data

head coefficient and polytropic efficiency. Themefathe Wiesner/PTC10 Reynolds number

correction model has a low correction effect on test cell collected head coefficient and

polytropic efficiency for this turbocharger, betwethe test and specified condition.
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By rearranging the flow and head coefficient of &pns (2.79) and (2.84), the inlet volume
flow and polytropic head were calculated at thecsBfe condition from Equations (5.2) and

(5.3), normalized to 8,000 RPM, 9,900 RPM and 12,R@M. Table 5.3 provides a comparison
of the test and corrected speed data. Figure B phe corrected head versus volume flow

compressor map.

V,, = 24, U,,D,” (5.2)
2
:up,sp = ‘// pspUZ,sp (53)
Table5.3: Test Collected and Corrected Data
Condition Test [min/max] Specified
Amb. Pressure [psia] 13.844 14.10 14.70
Amb. Temperature [F] 57.984 67.26 59.0
Rel. Humidity [%6] 71.23 99.99 0
Flow Head Volume Polytropic Volume  Polytropic
Coefficient Coefficient| Speed.te Flow.te Head.te.t Speed.sp Flow.sp  Head.sp.t
(te = sp) (sp) [RPM] [ICFM] [ft-Ibf/lbm] [RPM] [ICFM] [ft-Ibf/lbm]
0.0361 0.623 8,043 6,158 7,719 8,000 6,125 7,640
s 0.0336 0.639 8,007 5,711 7,847 8,000 5,706 7,836
o 0.0322 0.652 8,068 5,509 8,137 8,000 5,463 8,002
% 0.0285 0.669 8,040 4,862 8,287 8,000 4,837 8,207
0.0379 0.619 9,900 7,965 11,628 9,900 7,965 11,633
s 0.0356 0.636 9,901 7,468 11,948 9,900 7,467 11,951
o 0.0340 0.649 9,974 7,198 12,368 9,900 7,145 12,190
> 0.0313 0.660 9,888 6,569 12,359 9,900 6,577 12,395
Des. Pt. 0.0396 0.616] 11,852 9,949 16,565 11,846 9,944 16,561
0.0395 0.612| 11,982 10,042 16,838 12,000 10,058 16,902
0.0398 0.613| 12,017 10,137 16,946 12,000 10,123 16,912
E 0.0381 0.627| 11,915 9,616 17,060 12,000 9,685 17,319
T 0.0364 0.638| 12,026 9,294 17,673 12,000 9,274 17,609
S 0.0349 0.648| 12,138 8,980 18,290 12,000 8,878 17,887
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Polytropic Head vs. Inlet Volume Flow
Corrected Test Data
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Figure5.6: Corrected Test Cell Compressor M ap

5.7 Test Cell Compressor Map at Specified Condition

The original turbocharger air specification dethitee design point in terms of mass flow and
discharge pressure. The mass flow is calculated tiee design point density in Table 4.2 and
the normalized volume flow from Table 5.3 via thenservation of mass Equation (2.2). The
discharge pressure is calculated by rearrangingahgropic head Equation (2.15) to define this

in terms of pressure from the normalized and céeckepolytropic head in Table 5.3 as follows:
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Ks[ﬂp,c,t
K., -1 Kep~l
/'Ip,C,t sp + 1 (5.4)

p2 abst = pl abs
Rsp DI-inlet.s,p Ksp’7 p,ct

The resulting mass flow and discharge pressure ddime compressor map corrected to site
conditions in Figure 5.7. This figure also detdhe design point from the tested conditions
corrected to site conditions. For this turbochargfee specified design point is 12.68 Ib/sec at
25.18 psia. This turbocharger at site conditionsdeliver the required mass flow with a slightly

higher pressure of 25.31 psia considering totakgaree conditions. Thus the turbocharger

exceeds the required pressure for the design engass flow rate.

Mass Flow vs. Discharge Pressure
Corr: 59F, 14.70 psia, 0% rh
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Figure5.7: Compressor Map Corrected to Specified Conditions
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CHAPTER 6: Field Data

6.1 Field I nstallation

For the field installation, the turbocharger wastinmented to collect temperature and pressure
of the inlet and outlet of the turbine and compoessghile operating on engine following the
recommendations presented in Section 2.5. Compresass flow, operating speed and local
barometric pressure were collected as well. Theptessor mass flow utilized a pitot tube to
correlate the delivered mass flow to the enginarainifold. The on-board instrumentation was
calibrated with performance measurements obtaire@d the test cell. A pictorial schematic of
the instrumented turbocharger is detailed in Figufie A PLC connected to the instrumentation

recorded measurements to a database thirty timasghout the operating day.

vig
a( )
£ ] Q
g Pambient
pcomp.ouﬁef v
Tcomp. outist ® 4(
y

Mass flow Pturbine. iniet

Turbine

T .
Peomp iniet furbine. iniet

Tcomp. iniet
® Pturbine outiet

T{urbme_ outiet

Figure 6.1: Schematic of Field Instrumented Turbocharger
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Figure 6.2 shows the field installed turbochargghwhe applied instrumentation and instrument
panel housing the instrument wiring, PLC and daeorder. The data utilized herein was
recorded from July through mid September. During preriod, the recorder collected over 1,500
data points of the turbocharger operating on-endreative humidity was not part of the field
data set. Inlet relative humidity obtained via &istal weather data from

www.weatherunderground.comvas applied to the field data by matching the datd time

recorded to the database to account for the ialeingixture and water vapor content.

I nstrument Panel Turbocharger

Figure 6.2: Instrumented Turbocharger Installation On-Engine
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6.2 Raw Field Data

The data recorded during these months providesfisgm variance of the ambient conditions
compared to the data recorded from the test cabhlel6.1 details the minimum, maximum and
average ambient conditions for the data recordethgluhe field study. The field running

condition also varies significantly in comparisanthe specified condition for the turbocharger

(see Table 4.1).

Table6.1: Average Field Conditions

M easur ement Minimum Maximum Average
Ambient Temperature [°F] 58 117 84.9
Barometric Pressure [psia] 13.9 14.3 14.19
Relative Humidity 20 100 65
Speed [RPM] 8,337 10,326 9,339

The inlet volume flow and polytropic head were aéted from the field mass flow, pressure
ratio and gas condition for each operating pointthie field data set. Figure 6.3 plots the
operating compressor map of the field data. Theimel flow varied between 6,743 and 8,844

ICFM to the compressor, the polytropic head vaffienn 7,942 to 12,478 ft-Ibf/lbom. These

values are significantly lower than the design pepecified for the turbocharger.
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Polytropic Head vs. Inlet Volume Flow
Without Correction
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Figure 6.3: Raw Field Data, Head versus Volume Flow

6.3 Compressor Inlet Pressureand Dimensionless Coefficients

Plotting the flow and head coefficients provides thest manner to evaluate the quality of the
field data. From the field data there were two Isaofihead and flow coefficients (see Figure
6.5). Reviewing the data, the head coefficientighér in July, the first month of operation.

Upon inspection of the readings, the inlet presstaesmitter had a variance in comparison to
the barometric pressure ranging from 0.19 to 048 guring this time (see Figure 6.4). Plotting
the difference between barometric pressure and mEsaQr inlet pressure shows in late July

there was a change to the inlet pressure of the@essor, highlighted in Figure 6.4.
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Ambient Pressure - Inlet Pressure vs. Time
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Figure 6.4: Difference Ambient Pressureto Compressor Inlet

Evaluating this finding in the dimensionless caméfints shows the same discrepancy as detailed

in Figure 6.5 with the segregated coefficient goup
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Dimensionless Results of Field Data
July to September
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Figure 6.5: Dimensionless Coefficients from Field Data

Inlet filter losses are a function of volume floMowever, there is no distinct pressure difference
signature in the data as shown in Figure 6.6. Baelings before and after July™@ill be

treated separately in the analysis.
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Ambient Pressure - Inlet Pressure vs. Inlet Volume Flow
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Figure 6.6: Inlet Filter Loss versusVolume Flow

6.4 Correcting to Specified Conditions

The field data segregated for the time periods wereected to the specified condition following
the procedure in Section 5.7 - Test Cell Compreb&ap at Specified Condition. To detail the
speed in the large dataset from the field conditidhe following formula was applied to round-
off trailing digits of the field recorded speeddaorovides the specified speed for the correction

procedure.

sp

_ Nfield
N. =| Integef —— | | x100 (6.1)
100
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The field data corrected to the specified condit®mlotted with respect to mass flow versus
discharge pressure in Figure 6.7. The data from details a slightly higher discharge pressure
from the compressor. This plot details the opeggliime of the turbocharger on-engine. The field
data and test cell data are compared in the netbeeo correlate the two and evaluate where

the turbocharger is operating in comparison tocthrapressor map collected in the test cell.

Mass Flow vs. Discharge Pressure
Corr: 59F, 14.70 psia, 0% rh
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Figure6.7: Field Data Corrected to Specified Conditions
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CHAPTER 7: Correlating Test and Field Data

The corrected data collected in the test cell pledithe wide operating range of the compressor
map between high flow and low flow or compressagsuor three different speed lines (Figure
5.7). This was collected in a precisely designest spparatus to obtain the most accurate
pressure, temperature and air or exhaust gas flmwhé turbocharger. Conversely, the
turbocharger operating on-engine as correctedeoifsepd conditions follows one tightly formed
line of mass flow and discharge pressure (Figurg @his section details the comparison of the
data sets, and differences between, finalizing whth verification steps of machine Mach and
Reynolds numbers, and the ratio of densities (Egua2.102). To begin, the data available

between the two data sets are detailed in Tablév reference.
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Table 7.1: Comparison of Test Cell and Field Data Available

Test Cell Data Field Operating Data
Date / Time Date / Time
Barometric Pressure Barometric Pressure

Compressor Inlet Pressure & Temperatur@ompressor Inlet Pressure & Temperature

Compressor Dis. Pressure & Temperature  CompressoPiBessure & Temperature

Compressor Mass Flow Rate Compressor Mass Flow Rate

Turbine Inlet Pressure & Temperature Turbine IRlssure & Temperature

Turbine Discharge Pressure & Temperatdraerbine Discharge Pressure & Temperature

Turbo RPM Turbo RPM
Turbine Mass Flow Rate (fuel + air) None
Cooling Water Pressure & Temperature None
Cooling Water Mass Flow Rate None
Lube Oil Pressure & Temperature None
Lube Oil Mass Flow Rate None
Relative Humidity None

Complete Energy Balance, Turbine &

Compressor Performance
Compressor Performance

7.1 Dimensionless Coefficient Comparison

The turbocharger signature operating line formed thg dimensionless flow and head
coefficients between the test and field data pewidne method of comparing the data sets.
Figure 7.1 presents the field and test cell dinwriess compressor map with the head

coefficients corrected to specified conditions.
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Dimensionless Results Test Data and
Field Data July to September
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Figure 7.1: Plot of Compiled Dimensionless Coefficients

Comparing the flow and corrected head coefficient&igure 7.1 for all data sets shows the

following important points:

1. The test cell data forms a tight signature linehwita range of -1.2% to +1.7% for all

data points as compared to a cubic curve fit thnahg data set.

2. The July field data has a slightly higher head ficieht than this signature line as

expected for higher inlet pressure losses; all gatathin +5% of the signature line.

3. The field data head coefficient of Aug. and Septwithin -3% of the signature line

collected from the test cell.
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The flow coefficient from the field data is with#5% to +3% of the design point flow

coefficient.

The field data falls at the right most edge oftbélected compressor map.

All head and flow coefficients are within 5% ofetlsignature line and specified design
point. The turbocharger field data can be compawedhe test cell data utilizing

dimensionless coefficients noting the differencedsa

Power Coefficient[ Q.p.c]

Dimensionless Results Test Data and
Field Data July to September
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Figure 7.2: Polytropic Power Coefficient
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Comparing the polytropic power from Equation (2.9ff) the test cell and field data sets
establishes the power requirements of the compresssus flow coefficient in Figure 7.2. This

plot details the following important points:

1. The test cell data falls within -1.2% to 1.7% oé tolynomial curve fit of the polytropic

power curve.

2. The July field data has a slightly higher powerfioent line. The July data is within

0.6% to 6.2% of the polynomial curve fit from thest cell data.

3. The field data power coefficient of August and Sember is within -3.8% to 1.3% of the

polynomial curve fit from the test cell data.

4. The data collected in August and September replkatpower signature collected in the
test cell. Over 1,000 data points confirm thisréfi@re the earlier data collected in the

July inaccurately provides the field operating parfance of the compressor.

To further evaluate power, the actual power coefficis calculated from Equation (2.91) to
detail the compression power and contribution aghpression efficiency. Figure 7.3 presents a
distinct difference between the test and field dati#h the two actual power coefficient curves
between -3% to -5% different for all field data. Asted in Equation (2.91) the difference may

be attributed to the compressor efficiency.
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Dimensionless Results Test Data and
Field Data July to September
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Figure 7.3: Actual Gas Power Coefficient

Figure 7.4 shows the field polytropic efficiencynging from 0% to +6% when compared to the
test cell data. This efficiency difference conttdul to the difference in the actual power
coefficient curves in Figure 7.3. This decreasezlfibld actual gas power coefficient signature

due to the efficiency in the denominator of theffioent.
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Dimensionless Results Test Data and
Field Data July to September

95.0%

93.0%

91.0%

=)
\
5 89.0%
(=g
— 87.0%
oy
g
2 85.0%
E
s °
,‘; 81.0% 8kRPM.eff
S e
o 0,
79.0% -

77.0%

75.0%
0.020 0.025 0.030 0.035 0.040 0.045 0.050

Flow Coefficient[ ¢.asme]

[0 8kRPM.eff @ 9.9+kRPM.eff - July « Aug. - Sept. |

Figure 7.4: Polytropic Efficiency

From Figure 7.1 and Figure 7.2, the head and peweature lines versus the flow coefficient
provide comparative results between test and fiald. These calculations are based on pressure
measurements at the inlet and outlet flange locatiof the compressor. The polytropic
efficiency calculated through Equation (2.33) igsharmodynamic relation based on the gas
composition for the ratio of specific heats, anthperature and pressure measurements. The
difference in the efficiency of Figure 7.4 mustdéifference in the temperature measurements
between the test cell and field location. In treddfiinstallation, the effects of heat transfer from
the compressor casing may influence the field teatpee measurement and efficiency, and may
be remedied with the application of insulation (déigure 6.2). Further analysis of the

temperature measurements are required to detertne@oot cause of the difference of the
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efficiency calculations. This is required to resla comparison between data collected as a
baseline from the test cell and utilized as a patamto monitor the general health of the

compressor operating on engine.

7.2 Compressor Map and Field Data Comparison

The test cell and field data compressor maps (Ei§ur and Figure 6.7) corrected to specified
conditions are combined in Figure 7.5. The spatifiesign point volume flow and head is
significantly higher than the field operating daEtrapolating the design point flow and head
coefficients to the specified conditions (see $ecb.7) for various speeds between 7,000 RPM
to 12,500 RPM creates an estimated operating linbeoturbocharger, detailed in Figure 7.5
(Extrapolated Design Point). This line bisects fleédd data within 3% of the turbocharger
operating line on-engine. The original design pdantthe turbocharger specification may have
declared a discharge pressure much higher tharctedl in the field data; however the
turbocharger operated within 3% of the point wh&pa@ded for various speeds. The engine
may have operated significantly lower than full govas detailed by the lower field air manifold

pressure.
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Mass Flow vs. Discharge Pressure
Corr: 59F, 14.70 psia, 0% rh
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Figure 7.5: Corrected Compressor Map of Test and Field Data Sets

7.3 Verifying the Correction Method

The final step of comparing the correction methe®doi ensure the specified to test conditions
falls within the bounds of the machine Mach andriRéys number comparison (Figure 2.13 and
Figure 2.14). This is to ensure the tip speed isampliance with the established code and
correction methodology. Additionally the densitytisabetween inlet and outlet for test and
specified conditions must be considered. Each ef ahove are discussed in the following

sections.
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7.3.1 Machine Mach Number Verification

The difference of the test cell and field data nm@ehMach numbers (Equation 2.92) to the
specified Mach number are plotted in Figure 7.6compare with limitations of the defined

boundary. For this turbocharger, all corrected dta well within the required bounds.

To further evaluate this, the range of speed ctomaevith respect to the machine Mach number
were checked to quantify the speed range to thé& lwundaries. There were two ranges
checked, the 8kRPM and 12kRPM tested speeds. Edotter operating speed (8kRPM), the
data could be speed corrected between 5,500 t® BR#FM and maintain the reference limits.
For the high operating speed (12kRPM), the datddcbe speed corrected between 10,800 to
12,400 RPM and maintain the reference limits. Alifio the flow and head coefficients of the
collected data can be used to create virtually apgrating speed line of the turbocharger

compressor, the machine Mach number verificatidpsh® limit this practice.
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Machine Mach Number Comparison to Permissible Devia  tion
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Figure 7.6: Mach Number Verification

7.3.2 Machine Reynolds Number Correction

The machine Reynolds number between test and gabcibnditions will likely not match, and
is a secondary parameter of the methodology. Téld ind test cell data sets were corrected
from the operating condition to the specified ctindi with the PTC10 Reynolds correction
method (Equations 2.95 thru 2.101). Figure 7.7 gntss the comparison between test and

specified conditions, detailing all data falls viithhe boundary limits.
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Reynolds Number Comparison to Permissible Deviation

1000

100 -

10 -

[Rem.te/Rem.sp]

1E+04 1E£0D 1E+06 1E+07
0.1

Reynolds Number Ratio

0.01
Reynolds Number at Specified Conditions [Rem.sp]

‘ o Test Data o Aug. - Sept. o July ‘

Figure 7.7: Reynolds Number Verification

Similar boundary tests of the machine Mach numbeewehecked against the machine Reynolds
number methodology to test the speed range. Thgeraf machine Reynolds Number to
maintain the reference limits as detailed in Figdré are from 3,000 to 60,000 RPM for the

specified speed and inlet gas viscosity.

To further evaluate the machine Reynolds numbeecton model, two tested data points with
similar flow coefficients were checked for comparis These were utilized to evaluate the
correction model for speed and inlet viscosity tompare the resulting corrected polytropic
efficiency. Table 7.2 details the comparison whle tesign point flow coefficient of 0.03958

and the point near the choke line for the 12kRP®eddine of 0.03952.
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Table 7.2: Reynolds Number Evaluation

Flow Poly Eff.
Coefficient | Speed.te Poly.eff | Speed.sp Corr Diff. in Poly.Eff.
(te = sp) [RPM] [%] [RPM] [%] [%]
0.03958 11852 81.16% 12000 81.23% 0.07%
0.03952 11982 80.45% 11852 80.50% 0.05%

The resulting difference in the polytropic corretfficiency varies considerably compared to
the difference in flow coefficients. From this coamgon the reduced Wiesner model for
correcting the head coefficient and efficiency &tablish performance may be lacking the

expected correction. Therefore a complete evalnatidhis model is required before utilization.

Secondly, the Reynolds number correction methodatos two constants. The constants detail

that the data of the compressor shall be corrantedmparison to a specified surface roughness

of £=0.000125in and specified machine Reynolds number Rém, = 4810° xb,. This

reduces the correction model to a comparison ghetstablished constants.

7.3.3 Density Ratio

The density ratio was calculated for all data fog turbocharger. This results in a range of the
density ratio from Equation (2.102) for all datasseetween -0.3% to 2.5%. The density ratio as
calculated for the population of data is within timaits of that specified by the performance

code which is +4%.
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7.4 Summary

This chapter utilized the systematic approach tdl#shing the compressor signature lines to
overlay the test cell compressor map and field.dlés provided a unique comparison of all
data, independent of speed, to determine if a lativa existed. The dimensionless comparison
provides a means of rapidly evaluating the fieldadaith the specified design point of the
turbocharger. The head and flow ranges of the tigadines between the test cell and field data

overlay within £5% as detailed in this section.

The test cell and field data were corrected to teréhe mass flow and discharge pressure
compressor map at the specified condition. Plottiiregtwo data sets together established that the
specified design point mass flow and pressure t¢omdiwas significantly higher than the
comparative data from the turbocharger operatingiogine. Of the possible reasons for this
deviation, the engine may not have been operatirfgllaload to achieve the specified design
point during this dataset. If this is the case ffeitdiata collected when operating with more engine
demand could verify this hypothesis. Extrapolatimg design point flow and head coefficient for
a range of speeds created a flow and pressurdHatebisected the field collected data. This
supports the assumption of the engine operatimgwar demand. Interestingly this extrapolated
line from the design point may provide a meansesfimg the turbocharger operating flow and

head range as expected on engine.

The machine Mach and Reynolds number limitationdfigd that all of the data were corrected
within the guidance established in PTC10. Fromti verification models, the machine Mach
number is more stringent in limiting the correctiamge of the collected data for this case study

with air as the working fluid. Rightly so as theepsure rise of the compressor depends on the tip
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speed of the compressor. The boundary range lthetsbility to correct into operating points of
the compressor without test verification, prevegtan method of falsified data. With test and

specified gases that vary more significantly thiantle stringency of this limit may change.

The Reynolds number correction method for efficiershowed a minor influence when

comparing data collected at the same flow coefiicaad within 148 RPM. The expectation was
the method would comparatively correct efficienoy peed and viscosity between closely
collected speed data points for the same flow tmefit, however this was not the case. The
compared corrected data exhibited a 0.07% differencefficiency between the two collected

data points. This minor difference is within thecanainty of the pressure and temperature
measurements of the efficiency equation. This fotfmesopinion that a detailed evaluation of the
effects of this correction method should be vedift® a number of different test turbochargers to

further detail the application and use in the adrom procedure.
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CHAPTER 8: Conclusions

The work herein evaluated the background thermauyesin pursuit of comparing data for a
compressor operated in a precisely designed tdétt@edata collected from the same
turbocharger operating on engine. The methodoldiiged dimensionless coefficients and the
concept of similitude to compare all collected dathrough the evaluation it was found the

quality of the data sets compared well and witk@sonable tolerance.

The complete evaluation process of the turbochaegprires measurements of only temperature,
pressure, flow and speed. These measurements deéraperation of the turbocharger through
extensive thermodynamic calculations to establigts gonditions, stagnation conditions,
compression processes, and a means for compashgré specified conditions. The important
takeaway from the evaluation process is the tessagp to establish ambient operating
conditions to mimic that onsite is not requiredjgtgreatly reducing the cost and setup of a test.
Through this methodology ambient conditions th#fiedisignificantly between that of a test and
as specified for the design can be accurately sitedlto determine the turbocharger onsite

performance.

The importance of this comparison to the operag¢ingine is the fundamental evaluation of the
design point specified to the actual operation ogiree. Imagine a simple test with reduced
operating points to only matching the specifiediglepoint. Through the methodology here, the
single specified data point collected in the test is within a few percent of the inlet volume
flow of the turbocharger operating on engine. B @valuation process utilized a specified site
mass flow match in place of the volume flow matc¢iiaed herein, it would place the design

point significantly away from the real operatingngaand would be completely dependent on the
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inlet density at test day. In the compressor mapdamensionless map, such a match establishes
a different efficiency and may falsely prove turbamer operation on engine. This establishes
the importance of accounting for matching the sttaditions correctly. Determining the field
operation for the test accurately establishesd¢hkan-engine efficiency of the turbocharger. The
result will be found in the engine fuel consumptarturbocharger operating correctly given the
accuracy of the specified point. In contrast, ratofving the method presented herein could
miss an invalid compressor match during the vexifan process, nevertheless to be found in an
engine operating with unstable combustion, missegrenmental permits, or limited operating

range due to a poorly established turbocharger.
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Appendix A: Saturated Vapor Pressure Methods

This work utilized the saturated vapor pressure las detailed by the K-function from the
ASME Steam TableGASME, 1993presented in Figure 2.11. Two alternatives tokieanction

saturation line were evaluated for ambient air domas between 32.018°F and 128°F in an
effort to reduce the procedure to a more manageatigorogrammable method for utilization in
a programmable logic controller or quick enginegroalculation. These alternative relations
have reduced complexity as compared to the K-fanctvith slightly reduced accuracy as well.

The alternative calculations and reduced accura@pmpared to the steam tables are as follows:

Table A.1: Alternative Calculationsfor Saturated Vapor Pressure

Equation Error

. T(°F)+17185) 0.18%
p..(psia) = {0.01231+ ( 7318 j (A.1) 0.04%
B. = —-73284 0.16%
* T(°F)+39349 (A.2) -0.02%

psat(pSia) = 267137D.O6 e(ﬁa)

B, = (142805-5288358/T(°K)) -1.82%

A3
P..(bar) = (A3) 0.41%

(Ludtke, 2004)
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Appendix B: Turbocharger Operating Line

TableB.1: Design Testing Line Evaluation Procedure from the Design Point

Step Calculation Required Data
Design Point Condition:
. - Ambient Temperature
Calculate Flow Coefficient '
- Barometric Pressure
1 ) 1 - Relative Humidity
m
A== - Design Point Speed
i loinlet 277NturbotheeI3 g . p
- Impeller Diameter
- Mass / Volume Flow Rate
Design Point Condition:
Calculate Head Coefficient - R-value Air
P o - Ratio of Specific Heats
2 RairTinlet [ DUt] -1
p Pin - Inlet Pressure
Yo =1 . (7N o Doreat)’ AL - Outlet Pressure
- Barometric Pressure
3 Establish volume flow conditions for the design
point line or engine load line, jj points in step 4
Calculate test speeds for volume flows
4 g 1 Volume flows from step 3
Nturbo,jj _Vinlet,jj o~ 3
277;4 theel
. Test Day Condition:
Calculate discharge pressure for test day _
condition - R-value Air
5 S - Ratio of Specific Heats
p = p, [//dp(nNturbo.jj theel)2 d(te _1+1 et P
2absj — Pnlet Ry, T K. - Inlet Temperature

- Speeds from Step 4
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Appendix C: Overview of Correction Method

The following pseudo-code details the correctiorocpss from the measurements and

dimensions of the compressor, corrected to theifsgeecondition.

ASME PTC10 Correction Method

Test & Field Data: Specified Conditions
Inlet Temp, Press, — Speed, Baro. Press,
_ Mass/Vol. flow | Temp, RH

 Wheel & Pipe
Diameters

‘Spec. Dis. Temp.
Density

~

~ Machine Mach

Amb. Condition | |
Temp, Baro. Press, RH
4 | Num. test & spec.

¥
Specified Density Ratio
Head Coeff. I Belty s
|
Spec. Wheel i : .
Tip Speed k Capacity Ratio
_ '
Legend: .Spe'_?i_ﬂEd Specified Eff.
Mass { Vol. Flow _ Npoly / Nisen
2 |
Specified Dis. e
Pressure.total ~ Certified Data

Evaluation Data

Figure C.1: Pseudo-code of Correction Method
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Appendix D: Conditions of Ambient Air

The following two plots detail the effects of relet humidity and temperature on the specific

gas constant and the ratio of specific heats.

Specific Gas Constant of Air versus Temperature and Relative Humidity

56.00
55.75 +-100%
55.50 / 90%

55.25 / / 80%

55.00 / / / 70%

54.75 / / / / 60%
/)

Specific Gas Constant [ft:Ibf/lb-R]

54.50 50%.

54.25 40%

54.00 30%

53.75 20%
10%

53.50 |
0%

53.25 |

T T 53.00 T T T T T T
-60 -40 20 0 20 40 60 80 100 120 140

Temperature [F]

Figure D.1: Specific Gas Constant of Air versus Temperature and Relative Humidity
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Ratio Specific Heats of Air versus Temperature and

Relative Humidity

1.402
1.400 0%
N 10%
3 1.398 0%
8
v 30%
1.396
-~ 40%
3
T 1.394 50%
Q
1.392
e N\ 70%
o
2
8 1.390 80%
90%
1.388 \
100%
T T 1.386 T T T T T T
-60 -40 -20 0 20 40 60 80 100 120

Temperature [F]

140

Figure D.2: Ratio of Specific Heats of Air versus Temperature and Relative Humidity
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Appendix E: Instrument Uncertainty Analysis

Instrument uncertainty defines the quality of aorded measurement in comparison to the
absolute value obtainable with a ‘perfect measurdms&ystem’. The uncertainty of a

measurement is a function of the installation, rumsent accuracy, instrument environmental
effects, data acquisition system, and calculatressliting from the measurement or combination
of measurements. A true uncertainty considers tleemiainty of a population of recordings to
obtain a single averaged, recorded data point, tied uncertainty of the complete data
measurement system. This analysis focuses on thesurement system uncertainty and
considers the uncertainty of the population of dataan absolute recording. Therefore this
considers the quality of the measurement indepérafeanpopulation of recordings. The general

calculation for uncertainty is as follows:

_ 2 2 2 2 2
Ui _\/(Xl + X2 + X3 + X4 + X5 )Ninstrumem; (El)
where
X, Instrument full scale accuracy
X, Thermocouple cold junction
X, Accuracy of data acquisition conversion
X, Transmitter accuracy
Xs Thermal environment compensation
u i ed instruments
N Number of installed inst t

instrumens
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The percent uncertainty of the instrument fromaheve calculation is therefore:

%U, = Y, (E.2)
InstrumentiRange

Considering the equation for flow metering throwgkifferential nozzle requires evaluation of
the sensitivity of the variables of the flow eqoati Therefore, the partial derivative of each
variable is calculated to determine the contributod each uncertainty to the flow calculation.

The partial derivatives are summarized in the datmns detailed in Figure E.1.

. T C,ed?
=————,/2AP E.3
In = o Vg P (E.3)
where
d, Mass flow of differential device
d Nozzle bore diameter

LB =d/D Ratio of bore diameters, nozzle to pipe diameter

C, Nozzle discharge coefficient
£ Gas expansion factor
Ap Differential pressure across measurement nozzle

Prozsle Air density upstream of measurement nozzle
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Table E.1: Instrument Uncertainty Summary

(See Figure E.1 for Detailed Calculation Procedure)

PLC Analog
Number of Thermal Conversion Thermal
Instrument Instruments Range Accuracy Compensation Accuracy Compensation  Uncertainty

Opto Analog Accuracy 1.00E-03
Nozzle Inlet Temperature 4 250 0.10% 0.36 2.50E-01 0.75% 1.55%
__Nozzle Inlet Pressure 2 15 0.25% 0 1.50E-02 0 0.38%
‘© Nozzle Diff. Pressure 2 20 0.15% 0 2.00E-02 0 0.25%
,O_, Compressor Inlet Temperature 4 120 0.10% 0.36 1.20E-01 0.75% 1.64%
3 Compressor Inlet Pressure 4 30 0.25% 0 3.00E-02 0 0.54%
= Compressor Dis. Temperature 4 500 0.10% 0.36 5.00E-01 0.75% 1.53%
Compressor Dis. Pressure 2 100 0.50% 0.00% 1.00E-01 0.03% 0.73%
Nozzle - See Calculation for Calculation Uncertainty 0.00E+00 1.04%
5 =z Compressor Flow - dP 1 100 0.15% 0 1.00E-01 0.02% 0.18%
© ©|Compressor Flow - Pitot 1 1 1% 0.00E+00 1.00%
Lo Compressor Flow 1 1 1.00E-03 1.45%
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Instrument Uncertainty Analysis

1ph = 1x 16754 ImA=1x10 A

16pA

UOPTG = m (Dthroat = 0.004-n

Define the Uncertainty function for the instrument channels:

rows(x)—1

Y [

Nozzle Inlet Temperature:

NZy 0 1= 250.R  Scale range

Npg temp = 4 Number of instruments
0.1%-nzg 4,
0.2K
UoptoMse.tp Individual
Nozzlewmp = o Uncertainty
0.75%nz . tp
OR
OR
- == U(Nozzletemp,Nm.temp)
Unozzle temp ~ 3883R WS
- Unozzle temp
Pnozzletemp™ —
P NZetp
£U = 1.553.%

nozzle.temp

Individual Contributions

0.25
0.36
0.25
Nozzletemp = R

1.875
0

0

Page - 1

1b
mkH20 = 6231 G-—_ﬁ-g-l -in

ft

Individual Uncertainty
Vector Legend

accuracy_full scale
thermocouple
PLC block
thermocouple transmitter

press_thermal_compensation

0
Nozzle Inlet Pressure:
e rress = 15-psi Scale range
N, — 2 Number of instruments
0.25%nzg, press
0-psi
Usnste? g Individual
| Fopto™sc. press
Nozzle s = _ Uncertainty
O-ps1
Opsi
Opsi
Unozzle.press = I:(I\IC’ZZlepI ess=an.press)
Unozzle.PTess = 0.057-psi Uncertainty
- Unozzle press
Prnozzlepress = —
& N2y press
pU. = 0.381-%

nozzle.press

Individual Contributions

0.038

Nozzlepl,ess = psi

Figure E.1: Uncertainty Calculations
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Instrument Uncertainty Analysis

Nozzle Inlet dP:

Ol nsgdp Scale range
O-psi Wege dp = 20-mH20 . -
Individual Contributions
Uapto Number of instruments
Nozzledp = opto™*sc.dp W 5
0-psi nz.dp = “ 0.03
Opsi Individual 0
s Uncertainty 002 |
P# Nozz}edp = -inH20
0
Unozzle dp = U(Nozzleq, Ny, qp) o
iz . €]
Upozale. dp = 0.051 -inH20 Uncertainty
Uﬁozz]e‘dp p
pUnozzle,dp e lenazzle.dp = 0.255%
NZge dp
Compressor Inlet Temperature: comprEgsorinet Bresayre:
Scale range Clsc,tp = 140.R Scale range CIsc,press = 30-psi
Number of instruments NCI‘temp = 4 Number of instruments NCI.press =4
0.1%-Clye i 0.25%Clg press
0.2K O-psi
U_..-CI T s 1
Clmps=| 70 F| Indvicual Clyges = | F° P°P5 | Indivicual
0.75%:CLg, tp Uncertainty 0-psi Uncertainty
OR Opsi
R Opsi

UCI,tamp [ U(Cltemp=NCI temp)

Ugt temp = 2255R  Uncertainty
= T;CI‘temp
PUct temp T
“se.tp

Individual Contributions
0.14
0.36
0.14
“hremp = 1.05

0

0

PUCT tomp = 1.611:%

Uer press = U( CIpress Neg press)

Page - 2

UCT press = 0-162:psi Uncertainty
UCI.press )

PUCLpress = o PUCT pross = 0.539:%
“isc.press

Individual Contributions
0.075

CIpress = psi
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Instrument Uncertainty Analysis

Compressor Discharge Temperature:

Scale range CDsc.tp 1= 500-R

Number of instruments Nep temp ©= 4

0.1%-CDy g
0.2K

8] :CD,
» opto sctp 3
(‘Dtemp = Individual

0.75%-CD, Uncertainty

scip
OR

OR

UCD.tsmp = Ul (C]-)temp ; NCD.bamp)
Uncertainty

Ucp temp = 7-666R

UCD.ternp

PUCD temp =~y PUCD tomp = 1:533:%

sc.tp

Individual Cantributions

0.5
0.36
0.5

CDjemp = i R

Compressor Discharge Pressure:
Scale range CDsc_press = 100-psi
Number of instruments NCD‘press =2
O'S%CDsc.press
0.psi
U opto’ C Dsc.press
CD = . Individual
ITESS DS
- e Uncertainty
psi
0.025%- 220R
Opsi
u CD.press =~ L‘-.(\(:Dpre:*,s N CD‘press)
Uncertainty
Ueh press = 9-725-pst
UCD.press ) —
pUCDApress = (vD— pIJCD‘pIESS = 0.725%

“TBC.press

Individual Contributions

05

0.1

CDpress = -psi

0.055

Page - 3
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Instrument Uncertainty Analysis

TTRF Compressor Flow Nozzle Uncertainty:

12.4432.in
fi=———— B =055
22.624-m

Uncertainty Pipe and Nozzle Diameters:

J (02412 + 2:(0.082im)”
22.624-in

PUD pipe =
PUD pipe = 1.178%

Sensitivity Calculations:

! 1 {100 ¢ i
Xp = S 525 PUnozzle temp| * E'I’Unozzle.press

1 2
Xip = (E'PUnozzle.dp)

Hozzle = 070%

Nozzle Uncertainty:

X, = 5814x 10 8 [X, - 0241%

Xgp = 1625 % 107°

Page - 4

¢ﬂ1.[‘£)ﬂt
PUdnozde = T3z

PUY nozzle = 0.032-%

o= (1-0.6%)2

Krozzle = \/Xp + Xdp +Xp+ Xg+ Xg

Xpy = 56335 10°°

Xyq=5008x 10

Xa=36x 107

J¥p = 0237%
JXa = 0071%
JXc=06%
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Instrument Uncertainty Analysis

Field Pitot Flow Meter Uncertainty:

Scale range ﬂowsc_pt:: 100-inH20
Number of instruments Ng ot = 1
Individual

Uncertainty

0'15%'ﬂ0w§;c.pt

O-psi

Uopm-ﬂowsc ot
Pitot ; =

P 0-psi
inH20
0.015%- -220R
Opsi
Uncertainty

Utlow.pt = U(PltOLpt‘Nfl‘pL)

Uy pt = 0-183-inH20

Uflow.pt
P[-Iflow‘pt = flow, o
Field Flow Uncertainty:
Xdp.ﬁeld = 1% Xpil;ol; &= pUfl::nmpt

% 2 2 2 2
Kpitot. flow = anozz!e + Edp field + Xpitot

pU

X

flow.pt

pitot. flow

= 0.183:%

= 1.24%

Page -5
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