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Abstract. In light of the recent discoveries of new oil amtural gas reserves in the coast of Sdo Paulo Rindde
Janeiro states, it will be required a large amowonhtinvestments for the development of hydrocarlgoqdoration and
production. In this scenario, the turbomachinergyph crucial role because of its strong influenoethie areas of
power generation and ensuring the flow of currehtind natural gas produced in offshore platforraghe continent.
Among the turbomachinery, it is possible to highiligas turbines and centrifugal compressors, stheg have high
reliability, high thermodynamic efficiency and gregeration and maintenance flexibility. Howevesisdurbines and
centrifugal compressors show performance caracties that distinctly depend on ambient and opagationditions.
They are not only influenced by site elevation, iemtitemperature and relative humidity, but alsothe speed of the
driven equipment, the fuel and the load conditioBecause of that, performance testing of gas tadbiand
compressors has become increasingly common dine toeed to verify efficiency, power, fuel flow,a@ty and head
of the packages uppon delivery. This paper sugglestase of seven performance parameters thatrgéneescribe
the performance of a gas turbine and centrifugampeoessor. Special consideration will be given tmvgha
comprehensive view of the physical models and mmettieal formulations required for evaluating thigven
performance parameters based on the basic reldtipssof pressure, temperature, flow and head. Stheetest
conditions are rarely fully controlled, it will béiscussed an approach to perform measurement wintges analysis,
with the interest of assuring results validity. &lly, the paper present some considerations fordooh a proper
performance evaluation test.
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1. INTRODUCTION

Gas turbines have been used for many aerospacendudtrial applications for many years. They aredus
successfully to power aircraft as well as in indastapplications. The primary focus of this pafgeon gas turbines for
industrial applications, which consist either of @n compressor driven by a gas generator turbiite & separate
power turbine or of an air compressor and a turlpinene shaft, where the turbine provides both pdaethe air
compressor and the load. The power and efficieheyaxteristics of a gas turbine are therefore ékalt of a complex
interaction of different turbomachines and comtursgystem.

Centrifugal gas compressors are used in many aiolics in the oil and gas industry, such as inlpips, for gas
gathering, gas reinjection, gas lift, gas storagenshore as well as offshore environments. Tleed@minant driver for
these compressors is two shaft gas turbines, amshrhe extent, variable speed electric motors. Bgibs of drivers
have in common that the speed of the compressobeararied easily over a large range. To some extaniable
speed electric motors are used in similar tasks.

Gas turbines and centrifugal compressors are teéghnblogical complexity machines, where it is comnto
identify state of art applications in disciplinéeel structural mechanics, thermodynamics, automatitd control. Thus,
making an assessment of performance and relialifitthis equipment is not a trivial task. Over thast years, the
international technical community has concentratedefforts to spread the use of standards andscpdeduced by
ASME (American Society of Mechanical Engineers),| ARmerican Petroleum Institute) and 1SO (Interoatl
Organization for Standardization) as a referencelanning, implementation and evaluation of perfance tests
turbomachinery. The main objective being to alldwattresults from different tests can be compare@éaqumal basis.
However, there are some differences in implemerntiegrecommendations found in the standards, maebause of
conflict of interest between machine manufactuagc end users responsible for equipment operation.

Therefore, the factory acceptance tests of turbbimacy are critical to ensuring that all contraotezia will be
respected. They also enable that machines intrprsiclems are detected even in the test bay of faatwrers, so any
necessary interventions should be realized in theufacturer facility, reducing delays in delivendado not represent
additional costs for final customers, ensuring apenal quality equipment and extending its lifeley Problems found
after the equipment final installation are much enexpensive and complicated to be solved, causarg aperation
delays of the projects, or even interrupting theerafion, thereby causing significant losses dueproduction
interruption.
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As a conclusion, there is great need to systemdtizaise of technical literature available throegheful review,
seeking a better understanding of internationaidsieds and their relevance for implementing thezilea context.
Therefore, this implies in facilitate the implematiin of all recommendations and best engineernagtizes already
adopted internationally. However, the definition lmfst practices should be built through an extensiiscussion
promoted by the national technical and scientifimmunity.

Finally, this paper has the main objective to pdeva comprehensive view of the physical modelsraathematical
formulations required for evaluating the performamd gas turbines and centrifugal compressors. Weratask is to
present special considerations for conduct theuatiain of performance of gas turbines and centalf@gmpressors.

2. PERFORMANCE PARAMETERS

The following seven performance parameters geryedsbscribe the performance of a gas turbine antrifiegal
compressor. These parameters are commonly usedc&ptance testing, testing to determine degradaifothe
machine, and operational range testing. The pedoom parameters are listed below: 1) Centrifugah@essor Flow
vs. Flow Coefficient, 2) Centrifugal Compressor Hee. Head Coefficient, 3) Centrifugal Compresstiiciency, 4)
Centrifugal Compressor Power Absorbed, 5) Gas TferBiull Load Output Power, 6) Gas Turbine Heat Ruermal
efficiency) and 7) Gas Turbine Exhaust Heat RatehSparameters are determined by mathematical fasmthat
correlate the measurement results of various palysicantities (e.g. pressure, temperature, povpered; etc.). Since
the test conditions are rarely fully controlledisinecessary to perform analysis of measuremegrtainties, with the
interest of assuring results validity (Brun and &hr2006). Figure 1 shows the general measurememgegment for
the required test instrumentation on the gas terbin
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Figure 1. Location of Test Instrumentation for Gasbine

Figure 2 presents test data and general measureangmtgement for the required test instrumentatianthe
centrifugal compressor.
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2.1. Centrifugal Compressor Flow vs. Flow Coefficiat

The actual flow through the centrifugal compreg€dy) should be measured by a flow-measuring deviceh a8 a
volumetric flow meter (ultrasonic, turbine, et@)differential pressure device (orifice meter, \(ghtnozzle, etc.). If
an orifice meter is used, which is typical of mangtallations, we can calculate the mass flow fiaten the following
equation (AGA n° 3, 2003).

c
On = e 3 42000 ®

Where:C —discharge coefficient — expansion factofy = d/D: d — orifice plate bore diameter / D — metdve
internal diameterAp — orifice differential pressure apd- fluid density. The discharge coefficient is detmed from
the equation developed by Reader—Harris/Gallagh&®(n° 3, 2003), as showed below:

C =0.5961 + 0.029152 — 0.22908% + 0.003(1 — B). M, + [0.0433 + 0.0712e~85L1 — 0.1145e7%!1]
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Where:
D
M; = max (2.8 N 0.0) 3

4
L, = L, = dimensionless correction for the tap location

N, = 1.0 when D is in inches or 25.4 when D is in milimeters
Rep = pipe Reynolds number

The actual suction volumetric flow is given by:

Q
Qy = Tm 4)
The flow coefficient proposed to be used for sinityacomparison is given by Eq. (5).
Q Q
Q== (5)
Zth Utip TDquw

Where: Q, — tip diameter of compressorgJ- impeller tip speed (tangencial) and- impeller angular speed.

In case of multi-stage compressor, the tip diametay be defined as the first impeller diameter ayeametric
average for all stage diameters. When comparing ftoefficients for multi-stage machines, the deiim of tip
diameter should be verified.

2.2. Centrifugal Compressor Head vs. Head Coeffiai

Compressor head and efficiency are commonly defimesked on either isentropic or polytropic idealcesses.
Both definitions are appropriate for performancenparison as they provide a ratio of the actual @pthdifference
(head) to the ideal (isentropic or polytropic) exply difference across the compressor.

The isentropic process assumes a reversible atigatcess without losses (i.e., no change in egjtoThe
polytropic process is also a reversible process,itbis not adiabatic. It is defined by an infinitumber of small
isentropic steps followed by heat exchange. Boticgsses are ideal, reference processes.

The compressor actual head (H), isentropic head) (attd polytropic head (B are determined from the
measurement of pressure and temperature on thersutd discharge sides and the calculation of adpyhand
specific volume using an equation of state (EOSJiehdT his subject will be presented later.
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The heads are calculated from the enthalpies adedcivith each state from the EOS. Equation (63t the
isentropic head calculation.

H" = hg — hy = h(pa, ss) — h(ps, Ts) (6)
Equation (7) presents the actual head calculation.
H=hy—hs= h(pd'Td) - h(ps' Ts) ™
The value ofh}; is the enthalpy associated with the dischargespresat the suction entropyg)(sbecause the
entropy change is zero in an isentropic procesntigpic enthalpy can also be calculated for esttmapurposes
(assuming ideal gas behavior) by Eq. (8).
k-1

* * * Pa\ &k
hy~ c) Ty =cpy Ty (p—) @)
S

Similarly, polytropic head is determined from E®).(

nP-1
nP Pa\ nP
P — N —1!-f-
H" = [nP — 1] l(p5> 1l f - psvs 9)
The polytropic exponent (his defined using Eq. (10).
In2e
nP = —Ps (10)
In=<
Va

k = gj (11)

Considering Eg. (9), the Schultz Polytropic Headr&€ction Factor ) is defined using Eq. (12).

hy — hs
f=— (12)
(m) “(Pavq = Psvs)

For performance comparisons, it is beneficial te men-dimensional head coefficient) (and flow coefficient §),
rather than actual head and flow. Equation (13yshihe isentropic head coefficient calculation.

Y= H; = Lz (13)
UT (TDeipw)
Equation (14) presents the actual head coeffigaltulation.
_H 2H
P Gy Y
Equation (15) presents the polytropic head coefficcalculation.
ot (15)

L (i)’

Where: N — compressor shaft speed.
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2.3. Centrifugal Compressor Efficiency

The isentropic efficiency is calculated from thenisopic and actual head from Eq. (16).

A
"M== (16)

The polytropic efficiency is calculated based upioa polytropic head and the polytropic exponenstaswvn in Eq.
7).

P_
P n -1

e FE e
T T hg — hy a7

2.4. Centrifugal Compressor Absorbed Power

The absorbed power for the compresseg:{fP can be directly used to determine the gas tursiiagt output power
(Pow), considering a mechanical efficiency of the coesgor ., typically given by the manufacturer as 98% t699
if no gearbox is present. Otherwise, the gearboxgpdosses must be included to determine gas tersiaft output
power. Compressor absorbed power is calculatedgu$ie compressor suction gas conditions and theabbéiead
(enthalpy change) as defined in Eq. (18).

Pcomp=Pout'nm=ps'Qv'H (18)

If the driven compressor is rated for less powantthe gas turbine output power, the full load powfethe gas
turbine cannot be determined using this approach.

2.5. Gas Turbine Full Load Output Power

According with Kurz et al. (1999), while testinggas compressor in the field can yield test unoatits similar to
those found in the factory test, if the field testonducted using the same standards as for theryatest, the field
testing of gas turbine will typically yield hightst uncertainties than the test in the factorye fitain reason lies in the
methodology of measuring the shaft power. In thetoiy, the shaft power is measured by running the trbine
against a generator, dynamometer or other calithi@degice. The power turbine applies torque direitlthe generator,
dynamometer or other calibrated device. The absigpbever is accurately measured with a load cedirmther method.

In a field test, shaft power is determined in onenore of the following ways, as shown in Tab. 1.

Table 1. Shaft power measurements: direct andeictdvays

Direct Measurement Indirect Measurement
Using a torque measuring coupling between powesing the calculated power of the driven compressor
turbine and driven equipment (high accuracy, smélfligh uncertainty due to uncertainty in aerodynamic

uncertainty) power of compressor)

Using the measured output of the generator (hiyferifying with a redundant measurement, such as a

accuracy, small uncertainty) heat balance (high uncertainty due to measurenfent o
air flow)

If the torque €) is measured using a torque coupling, then thé slaver (R,) developed by the gas turbine is
calculated in accordance with Eq. (19).

Pyye =T (21N) (19)

For electric generator gas turbine applications,génerator output is measured in order to deterthia gas turbine
shaft power. If a gearbox is present between gasel and generator, the power losses also neled tonsidered. The
generator electrical power output can be measuiegttly at the generator terminals. Typically, treurrent
transformers (CTs) and two potential transform&Bs) are used to measure the line voltages (Examdnts (). The
power factor (PF) can be determined from the plasgge between the voltage and the current as slhg. (20).
The generator output can be calculated using Eq. Ebr increased accuracy, specially calibratedect transformers
and potential transformers can be used.
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PF = Pel,active (20)

Pel,apparent
P,=+3-E-1-PF (21)

Calculation of gas turbine shaft power using thaseovation of energy in a thermodynamic systemuyireg to
know the energy flowing into the system be balarimgthe energy leaving the system, as given by(Ez).

qm,lhl + qm,f X LHV X Ncomb + qm,fhf = (qm,l + qm,f) X h7 + Pout + Er + Em (22)

The mass flow and enthalpy of the air at the gdsina inlet (¢, :h;), as well as the fuel flow and fuel enthalpy, {q
hy), lower heating value (LHV) of the fuel, and thatlealpy of the exhaust gas;(ltan be measured. The radiated heat
energy (B, and the mechanical losses,(Eeaving the system as heat transferred to the aibcan be estimated, but
will be small. The combustion efficiency,my can be estimated as well and is typically abo@#%or better.
Therefore, the shaft power of the turbing,Rcan be calculated from the above equation.

For this field method, it is essential to meashee dirflow through the gas turbine, which usuadiyhot possible in
the field with sufficient accuracy for precise tessults. However, the equation is useful to veuifie of the three other
methods because most of the gas turbine charaatgrincluding airflow versus gas producer spes@, recorded
during factory testing. Thus, it is possible to Sithite parameters that cannot be measured indlikvith information
gathered during a factory test.

2.6. Gas Turbine Heat Rate and Efficiency

If the gas turbine shaft output power is knowndetermined from the driven equipment or heat lz@anethods),
then the gas turbine efficiency is determined bdilng the gas turbine shaft output power by thae fnergy flow rate,
as given by Eq. (23).

Pout
- 23
7’]GT Qm'f i (LHV) ( )
Similarly, the gas turbine heat rate is simply theiprocal of the efficiency. Equation (24) presetite heat rate
calculation.

_ Qmy - (LHV)

Pout

HR (24)

As heat rate is often expressed in mixed unitsagiy@opriate unit conversion may need to be appliée actual
fuel gas composition should be used to determiaddWwer heating value (LHV) of the fuel. If the fugas temperature
is greater than 20 °C above the ambient temperateefuel gas sensible heat should be added tegbations above
as given in Eq. (25) and Eq. (26). Sensible heatesents the energy introduced into the combustdhe form of
thermal heat contained in the fuel.

P
Ner = (25)
Qs - [LHV +(p-cp .T)Fg]
s |[LHV +(p-c, T
HR — Q f [ ('D Cp )FG] (26)

Pout

2.7. Gas Turbine Exhaust Heat Rate
The gas turbine’s exhaust heat rate is often impbifor combined cycle or cogeneration applicatiéhhaust heat

rate is the remaining energy in the exhaust flowthef gas turbine. Equation (27) shows the exhaest hate
calculation.

EHR = Qmgr - (hg — hg) (27)

In Eq. (27) lx is a mutually agreed reference enthalpy. Direa@sneement of the mass flow is not recommended to
determine the gas turbine exhaust heat rate becdtise difficulty of accurately performing this emurement without
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a large pressure differential. In addition, testamainties will be high due to the flow measuretreemd temperature
measurement uncertainties. An energy balance odytbiem may be used to estimate the gas turbireuskheat rate,
as described in Eq. (22).

2.8. Equations of State

The state of any fluid of given components canléscribed by any given pair of its pressure, sigeeblume and
temperature. Equations of state (EOS) approximaset relationships. The equations can also be tasedlculate
enthalpy and entropy from the condition of a ga®giby a pressure and a temperature (Kurz et 8B)19he simplest
equation of state is the equation for a perfect gagjiven in Eq. (28).

pv = % = RT (28)

Real gases and in particular gas mixtures, howalisplay complex relationship between pressureymel and
temperature (p-v-T). Equations of state use senpiéral equations to describe these relationshipgarticular the
deviations from perfect gas behavior, as showeehin(29).

They also allow for the calculation of propertibattare derived from the p-v-T relationships, sastenthalpy (h)
and entropy (s). Because equations of state aréesapirical, they might be optimized for certaircéds of the gas
behavior, such as liquid-vapor equilibriums and metessarily for the typical range of temperataned pressures in
pipeline applications. According with Brun and Néré2006), in the field performance test of the coespor and
turbine, the correct determination of the thermadyit properties of the gas (such as enthalpy, pptrand density)
plays a critical role. The measured quantitiest{sag pressure, temperature, and composition) @& asinputs to an
equation of state (EOS) to determine thermodyngmoperties. The enthalpy change is used to deterthim head and
the isentropic or polytropic efficiency of a comsser. The choice of the EOS used in calculatingadpy and density
affects the accuracy of the results and needs tmbsidered in the uncertainty calculation.

The possible equations of state commonly used éngdis industry are: Redlich-Kwong (RK), Soave-Rddli
Kwong (SRK), Peng-Robinson (PR), Benedict-Webb-RBWR), Benedict-Webb-Rubin-Starling (BWRS), anekk
Kesler-Plocker (LKP), and AGA-10. The final selectiof the equation of state to be used in the ftekt should
depend on the applicability of the particular egurabf state model to the gas and temperaturesuseed along with
the process of interest (Sandberg, 2005; Kumal,e1309).

Generally, it is not possible to select a most esteUEOS to predict gas properties, since therenarealibration
standards to test against for typical hydrocarbaxtures. All the frequently used EOS models (RK, BWBWRS,
LKP, SRK, PR) can predict the properties of hydrboa mixtures accurately below 20 MPa for commotursd gas
mixtures. Outside this pressure range, deviati@taden the EOS models of 0.5 to 2.5% in comprdigifactor Z are
common, especially if the natural gas contains iiggmt amounts of diluents. Because derivatives tioé
compressibility factor (Z) must be used to calauldie enthalpy differences (i.e., head), the headations can be
larger than the compressibility factor for diffet&0OS. Table 2 provides usage suggestions foraheus EOS models
based on application (Brun and Nored, 2006).

Table 2. Suggested applications for Equation ofeSiaage

Type of application Suggested used EOS Model
All EOS Models may be used for this application:
Typical hydrocarbon gas mixture, standard pressufRedlich-Kwong (RK), Soave-Redlich-Kwong (SRK),
and temperatures, low GGnd N diluents (< 6%| Peng Robinson (PR), Benedict-Webb-Rubin-Star|ing

total). Air mixtures. (BWRS), Benedict-Webb-Rubin (BWR), Lee-Kesler-
Plocker (LKP), AGA-10
High-pressure applications (> 3000 psi) BWRS, BWRP

. - 0 .
High CO, and N diluents (10-30%) and/or hlghBWRS, LKP
hydrogen content gases
High hydrogen content gases (> 80%) H PR, LKP, SRK
. i Specific EOS model designed for particular
Non-hydrocarbon mixtures: ethylenes, glycals,” = . ; : : :
S . . dpplication or chemical mixture will result in gtea
carbon dioxide mixtures, refrigerants, hydrocarbg :
vapors, etc accuracy. The literature should be consulted fer|th

particular gas and application
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3. TEST UNCERTAINTIES CONSIDERATIONS

Traditionally the uncertainty of the result of aasarement is viewed as having two error componémsrandom
error, which presumably arises from unpredictastechastic temporal and spatial variations of tle@sorand, and the
systematic error or bias, considered as constanagnitude and direction for repeated observations.

This approach of categorizing errors can be amhigumecause, depending on how an error quantityaappe a
mathematical model that describes the measuremettess, a random component may become a systematic
component and vice versa. According with ISO/IEGd8198-3 (2008), to avoid such ambiguity, the cgngeesented
is to categorize the uncertainty components byrtathods of their evaluation rather than the comptnéhemselves.

3.1. Type A evaluation of uncertainty
For the uncertainty calculation of a test resak, Type A uncertainty component is calculated based series af

sample readings of the random variable quantijywith the experimental standard deviation of theams(g), as
given in Eqg. (30) and Eqg. (31).

5@ = S(jﬁ") (30)
1 n
s = —= > [ax —al* 3D
k=1

Whereqy is the individual observation of a variable inputantity, andg is the arithmetic mean or averagerof
observations.

In this case the random varialgevith v = n — 1 degrees of freedom is considered normally distethiaccording
to the probability density function of Laplace-Ggusalso termed t-distribution or Student’s disttibo. Then the
standard uncertainty(x;) of the estimater; = X; of the input quantityX; is u(x;) = s(X;) with s(X;)? calculated
according to Eq. (31).

3.2. Type B evaluation of uncertainty

For an estimate; of an input quantityX; that has not been obtained from repeated obsengtthe associated
estimated variance?(x;) or the standard uncertainty(x;) is evaluated by scientific judgement based orofithe
available information on the possible variabilifyXp. The Type B component of the uncertainty calculaisbased on
the data provided in calibration or other certifica such as manufacturer specifications, of theitstruments and
devices. The proper use of the pool of availablermation for a Type B evaluation of standard utaiety calls for
insight based on experience and general knowledgé,is a skill that can be learned with practi¢deshould be
recognized that a Type B evaluation of standarceaity can be as reliable as a Type A evaluatspgcially in a
measurement situation where a Type A evaluatiorbased on a comparatively small number of statibfica
independent observations.

3.3. Combined standard uncertainty
The combined standard uncertainty(y) of a measurement result is an estimated standewihttbn and
characterizes the dispersion of the values thdtdla@asonably be attributed to the measurénigor uncorrelated input

quantities it is the positive square root of thembmed varianceu?(y) obtained by the.aw of Propagation of
Uncertainty in common parlance the RSS (root-sum-of-squaneshod, calculated as given by Eq. (32).

w0 = Y [ v (32)

Equation (33) presents the combined standard wingrtcalculation for correlated input quantities.

= iia—f—u(xl,x]) z [af] u?(x) + 22 Z af of r(xl,xj)u(xl)u(x]) (33)

i=1j=1 i=1 j=i+1
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The componenfc(xi,xj) is the correlation coefficient which characterittes degree of correlation betwegmandx
with —1 < r(x;,x;) < +1. For independent estimatgsandx;, r(x;, x;) = 0.

The combined standard uncertainty allows combithegindividual standard uncertaintie$x;), whether arising
from the Type A evaluation of uncertainty or Type®aluation of uncertainty.

The partial derivatedf /dx; of the functiony = f(x;), often referred to as sensitivity coefficientse aither
mathematically determined by derivatipdor each input estimate or numerically by calculating the chan@ky); of
the output estimatg with varying the input estimates at the expecfedonsidering Eq. (34).

of _ (Ay);
axi Axi

(34)

3.4. Determining expanded uncertainty

The expanded uncertainty, which is a measure that defines the interval abibe measurement result
encompassing a large fraction of the measured salith a defined level of confidence, is obtaingdntultiplying the
standard uncertainty(x;) with a coverage factok. Equation (35) shows the expanded uncertaintyutation. In
practice, a coverage factkr= 2 is frequently applied for a level of confidenaf 95% and for degrees of freedom as
given byv = 30.

U=ku(x;) (35)

Test uncertainties need to be clearly distinguishech machine building tolerances. Building tolezas cover the
inevitable manufacturing tolerances and the unceiéa of the performance predictions. The actuatiine that is
installed on the test stand will differ in its aatyperformance from the predicted performance lgyntfachine building
tolerances. Building tolerances are entirely thspoasibility of the manufacturer and must be exetudn any
uncertainty calculation. In addition, the test utai@ty is not equivalent to the contractual tesketance. The
contractually agreed upon test tolerance mighinflaeénced by consideration of how accurate a tasthe performed
or by more commercial considerations, such as tieuat of risk the parties are willing to acceptisToptional section
must be placed before the list of references.

4. FIELD PERFORMANCE EVALUATION

Performance testing requires complex and detaileggrations. Since the purpose of such tests may itais
important to establish upfront the test objectivdentify the participating parties and their radethe process. A clear
determination of the equipment boundaries and &ssocinstrumentation shall avoid any potentiahdreements after
the test. A detailed test procedure specific totd®t site/supplier’s test facility and conditiostzall be agreed by all
parties involved. Because of that, the standardscades produced by ASME, API and ISO have beerased as a
reference in planning, implementation and evalumatid performance tests turbomachinery. Compliandé wuch
specifications as listed above, it is a relativesy matter in a factory environment where thdifi@s are designed
specifically for testing, there are available gfiedi support personnel, instrumentation and cdiibnalaboratories. At
least, real time on-line computers routinely monttee test progress. This usually is not the casectal installation
sites designed for commercial operation of turbdrireary.

During field performance tests an accurate deteatitin of the performance of the package or its comepts are
often difficult because of working environmentstthee not optimized for testing. The challengefeadfl tests arise not
only in applying the laws of physics and enginegtimat govern the behavior of turbomachinery, s & the depth
of preparation and the organization of the necgsEais, conditions and personnel required to cohdle tests and
analyze the results. Field test also provide therapr and the equipment manufacturers with infoiona
complementary to the data collected during fact@sting. Thus, for the end user and manufactumeragcurate
determination of the package field performanceiigal.

Site performance tests generally require concestedning and execution, including development ei&ue test
agenda prepared jointly by manufacturer and thepeggnt end user. Ideally, such an agenda shoulddacfield
conditions and equipment layout, list of instrunsettt be used and their location. It is also necgdsadescribe the
method of operation and the pressure and temperéitnits of the facility, and specify any deviatofrom normal
operation that may be necessary to conduct theTthetagenda also should describe the methodstafréduction and
determining the test uncertainties, as well astteeptance criteria.

The selection and calibration of the test instrutation is extremely important. Generally, the instents supplied
for protection and monitoring the packages areagourate enough to achieve the small uncertaintgimanecessary
for a field test. This is mainly due to more stentj calibration requirements. Whenever possibleoratory quality
instrumentation should be installed for the te$tse accuracy of the instruments and the calibrgtimtedure should
be such that the measurement uncertainties cafirb@ated from future discussions regarding thet peirformance.
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The requirement for special instrumentation is efgly important for field test of compressors setth low pressures
ratios.

In order to obtain steady state conditions, thetgdsne and compressor should be started pritiiganitiation of
the test (compressors require at least 30 minutbéeat soak time, gas turbines require between 2 hours of heat
soak time). The field test should be performed withengas turbine and compressor operating conditi@ve reached
steady state and the operating conditions shoaldcstnstant during each test point.

Power fluctuations should not occur during the genance testing. As it is very difficult to determaifuel gas
composition variations during the short test inddsyit is important to ensure that the fuel anotpss gas compositions
will remain unchanged for the duration of the tegtperiod for each test point. Multiple gas samplethe process gas
and fuel gas must be taken for each test poiheifgas composition significantly changes.

Temperature measurements will especially be affeleyeany instability during the test. Temperaturebes reach
equilibrium through relatively slow heat transfeidaheat soaking, while the system operating camtivary at much
faster rates. The heat storing capacity of the cesgor and system piping will need adequate timreaoh equilibrium
after any operating conditions have changed. thiss, critical to maintain extended stable opagationditions prior to
beginning the test in order to reach thermal elgpiilim and measure accurate gas temperatures.

Regardless of the assumption of steady state pesttion, any variation in measured parametersdutie test
interval should be accounted for in the uncertagatigulation.

5. CONCLUSIONS

Based on the information provided in this papewat presented a comprehensive view of the physiodkls and
mathematical formulations to determine the suggesteven performance parameters that generally idestne
performance of a gas turbine and centrifugal cosgme using basic relationships of pressure, teatpes, flow and
head. Since the test conditions are rarely fullptagled, it was discussed an approach to perforeasurement
uncertainties analysis, with the interest of asguresults validity.

Once there is an enormous difference between faanvironment and site environment, a successéld fiest
needs an elaborated agenda or plan that shoulddparpd prior to the test. This preparation shontdude field
conditions, equipment layout and instruments tabed and their location. It is also necessary txrige method of
operation, test safety considerations and theitf@sillimits (pressure, temperature and flow). A<@nclusion, an
appropriate field test should include a discussibthe method of data reduction, the selected ambrdor determining
the test uncertainty, the acceptance criteria {8pddn terms of maximum uncertainty allowabld)etequation of state
to be used for all calculations in the test andue of isentropic or polytropic calculations.
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