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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
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Introduction

314:2009(E)

This International Standard specifies guidelines and procedures for preparing, conducting and reporting

thermal-acceptance tests in order to determine and/or verify electrical power output, mech

anical power,

thermal efficiency (heat rate), turbine exhaust gas energy and/or other performance characteristics of gas-

turbine power plants and gas turbine engines, in this International Standard referred to as “gas

turbines”. It is

necessary that such performance test results be determined with a high level of accuracy using best

engingering knowledge and industry practice in measurement technique and method.

It is npcessary that a detailed, project-specific or test-equipment-specific test procedure\be pré
party |executing the performance test, based on the recommendations and guidelines

Internptional Standard as well as considering contractual obligations. It is necessary that any d
this International Standard be mutually agreed upon by the involved parties prior to)the start of th

bpared by the
given in this
bviations from
e test.
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INTERNATIONAL STANDARD

ISO 2

314:2009(E)

Gas turbines — Acceptance tests

1 Scope

This

suppli
plants
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In cas
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fluid ipjection and/or inlet air treatment are also covered by this Intefnational Standard and it is n

they b
the su

Comp
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perfor
overh
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paran
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c)
It is n
and p
manu

This |
their @

nternational Standard applies to open-cycle gas-turbine power plants using combug
ed with gaseous and/or liquid fuels as well as closed-cycle and semi-closed-cycle gas-
. It can also be applied to gas turbines in combined cycle power plants or in connection w
bry systems.

es of gas turbines using free-piston gas generators or special heat sources!(for example
mical processes, blast furnace gas), this International Standard canbe-used as a basi
cations are necessary.

tance tests of gas turbines with emission control and/or power-atigmentation devices that
e considered in the test procedure, provided that such systems are included in the contra

pply subject to testing.

ires. This International Standard can also be. applied to comparative tests desig
mance differentials of the gas turbine, primarily’for testing before and after modifications
bul, although no special reference is made to these topics.

nternational Standard also includes (procedures for the determination of the following
eters, corrected to the reference operating parameters:

ectrical or mechanical power«utput (gas power, if only gas is supplied);

ermal efficiency or heat rate;

rbine exhaust energy(optionally exhaust temperature and flow).

ecessary that’any other performance parameters defined in the contract between equip|

rchaser be considered accordingly in the specific test procedure as well as in the supp
acturing.test procedure.

tion systems
urbine power
th other heat-

synthetic gas
5 but suitable

are based on
ecessary that
Ctual scope of

arative testing can be subject to many different scenarios, depending on the purpose of the conducted

hed to verify
, upgrades or

performance

ment supplier
ier's standard

htefnational Standard describes measurement methods and corresponding instruments

alibration arrangement and handling. It includes provisions for preparing and conducting

mployed and
performance

test, defines operating conditions of the gas turbine, boundary conditions and their limits as well as standard
conditions (3.9) that should be used as a reference if no other conditions are agreed at the time of purchase.
Furthermore, it contains provisions for the measurement data recording and handling, methods for the
calculation and correction of the test results as well as the development of the uncertainty thereof.

Test tolerance is not addressed in this International Standard, because it is considered a commercial term not
based on statistical analysis of measurement results. It is necessary that the methodology on how to apply
tolerances for the demonstration of compliance with the guaranteed values be defined in the contract.

For the optional test to determine exhaust energy and/or flow, these values are determined from an energy
balance around the gas turbine. Uncertainty values can be minimized by achieving the limits defined in this
International Standard for the key parameters in the energy balance.
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This International Standard does not apply to the following:

a) emission testing;

b) noise testing;

c) vibration testing;

d) performance of specific components of the gas turbine;

e) performance of power augmentation devices and auxiliary systems, such as air inlet cooling devices, fuel
gas compressors, etc.;

f)  conduct festWworkaiming atdevetopment and Tesearctt;

g) adequacy of essential protective devices;

h) performance of the governing system and protective systems;

i)  operating characteristics (starting characteristics, reliability testing, etc.).

2 Normatjve references

The following
references, ¢
document (ing

ISO 2533, St3
ISO 3733, Pe

ISO 5167 (all
cross-section

ISO 6245, Pe

ISO 6974-1,
Part 1: Guide

ISO 6975, Na

ISO 6976 Na
composition

ISO 9951, Mg
ISO 10715, M

ISO 12213-2,
analysis

referenced documents are indispensable for the application’ of this document. For
nly the edition cited applies. For undated references, the ‘Yatest edition of the refer
luding any amendments) applies.

ndard atmosphere
froleum products and bituminous materials — Determination of water — Distillation methog

parts), Measurement of fluid flow by means.of pressure differential devices inserted in ¢
conduits running full

froleum products — Determination of.ash

Natural gas — Determination of composition with defined uncertainty by gas chromatogra
ines for tailored analysis

fural gas — Extended analysis — Gas-chromatographic method

fural gas — Calculgtion of calorific values, density, relative density and Wobbe index

asurement of gas flow in closed conduits — Turbine meters
atural gas.+— Sampling guidelines

Natural gas — Calculation of compression factor — Part 2: Calculation using molar-comp

dated
enced

jrcular

bhy —

from

bsition

ISO 14596, Petroleum products —

Determination of sulfur content— Wavelength-dispersive

fluorescence spectrometry

X-ray

ISO 20846, Petroleum products — Determination of sulfur content of automotive fuels — Ultraviolet
fluorescence method

ASTM D4629 Standard Test Method for Trace Nitrogen in Liquid Petroleum Hydrocarbons by Syringe/Inlet
Oxidative Combustion and Chemiluminescence Detection

ASTM D5291, Standard Test Methods for Instrumental Determination of Carbon, Hydrogen, and Nitrogen in
Petroleum Products and Lubricants

DIN 51451, Testing of petroleum products and related products — Analysis by infrared spectrometry —
General working principles
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3 Terms and definitions

For the purpose of this document, the following terms and definitions apply.

3.1

degradation

loss of performance of a gas turbine due to wear and tear experienced in normal operation which is not
recoverable by compressor cleaning, turbine cleaning, filter cleaning, etc.

NOTE 1  This can also be referred to as ageing.

NOTE 2 Adapted from ISO 3977-0-1000 417

3.2
equivplent operating hours
weighted operating events affecting the life of the gas turbine forming an equivalent openating time to
determine inspection intervals of life expectancy

NOTE Adapted from ISO 3977-9:1999, 4.1.2.2.

3.3
gas generator
assembly of gas turbine components that produces heated, pressurized gas and provides it to aprocess or to
a power turbine

NOTE Adapted from ISO 3977-1:1997, 2.14.

3.4
gas turbine
machine that converts thermal energy into mechanical work

NOTE|1 It consists of one or several rotating compressors, thermal device(s) that heat the working fluid| one or several
turbings, a control system and essential auxiliary equipment. Any heat exchangers (excluding wastg exhaust heat
recovgry exchangers) in the main working fluid circuit are considered as part of the gas turbine.

NOTE[2  Adapted from ISO 3977-1:1997, 2.1.

3.5
heating value
calorific value
specific energy
amount of heat reléased by the complete combustion in air of a specific quantity of gas or liquid [fuel when the
reactipn takes place at constant pressure

NOTE If the combustion products accounted for are only in the gaseous state, the value is called lowe[ heating value,
LHV, gr inferior calorific value or net heating value. If the combustion products are gaseous with the excéption of water,
which s in’liquid state, the value is called higher heating value, HHV, or superior calorific value or gross heating value at
15 °C for natural gas fuel.

See ISO 6976.

3.6

power

quantity that may be expressed in terms of mechanical shaft power at the turbine coupling, electrical power of
the turbine-generator or gas power in the case of a gas turbine or gas generator producing gas or compressed
air

© 1SO 2009 — Al rights reserved 3
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3.7
random error

result of a measurement minus the mean that would result from an infinite number of measurements of the

same measurand carried out under repeatability conditions

See ISO/IEC Guide 99:2007, 2.19.

3.8

reference standard

standard, generally having the highest metrological quality available at a given location or in a given

organization, from which measurements are derived

See ISO/IEC [Guide 99:2007, 5.6.

3.9

standard reférence conditions
conditions as|defined in ISO 2533, equal to the following:

a) for the ambient air or intake air at the compressor flange (alternatively, the compressor intake flare):
— absdlute pressure of 101,325 kPa (1,013 25 bar; 760 mm Hg),
— temperature of 15 °C,
— relatjve humidity of 60 %;
b) for the exhaust at turbine exhaust recuperator outlet, if a recuperator cycle is used:
— stati¢ pressure of 101,325 kPa

NOTE 1 In the case of the closed cycle, the standard conditions for the air heater are 15 °C and 101,325 kPa
ambient atmospheric air.

NOTE 2  Anfinlet water temperature of 15 °C applies’if cooling of the working fluid is used.

3.10

systematic efror

bias

mean that wquld result from an-infinite number of measurements of the same measurand carried out
repeatability qonditions minus-a-tfue value of the measurand

See ISO/IEC [Guide 99:2007, 2.17.

3.11

thermal efficjency
ratio of the pgwep output to the heat consumption based on the lower heating value, LHV, or net heating

for the

under

value

of the fuel

NOTE Adapted from ISO 3977-1:1997, 2.3.4.

3.12
heat rate

ratio of the fuel energy supplied per unit time to the power produced
NOTE 1 The heat rate is expressed in units of kilojoules per kilowatt hour.
NOTE 2 It is widely used in the power generation industry.

See ISO 11086.

© 1SO 2009 — All rights reserved
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3.13
tolerance
allowed deviation from a specific requirement

3.14

traceability

property of the result of a measurement or the value of the standard whereby it can be related to stated
references, usually national or international standards, through an unbroken chain of comparisons all having
stated uncertainties

NOTE Adapted from ISO/IEC Guide 99:2007, 2.41.

3.15
turbine inlet temperature
TIT
defingd arbitrarily as a theoretical flow-weighted mean temperature before the first-Stage stafjonary blades
calculpted from an overall heat balance of the combustion chamber with the gas mass flow from combustion
mixed with the turbine cooling air mass flows prior to entering the first stage stationary blades

3.16
turbine outlet temperature
TOT
tempdrature of the hot gas leaving the turbine

3.17
type A evaluation
(of ungertainty) method of evaluation of uncertainty by the-statistical analysis of series of observdtions

See I$0O/IEC Guide 98-3.

3.18
type B evaluation
(of unicertainty) method of evaluation of-uncertainty by means other than the statistical analys|s of series of
obseryations

See I$O/IEC Guide 98-3.

3.19
unceitainty
(of mgasurement) shortehed form of “uncertainty of measurement’, a parameter associated with fthe result of a
measyirement, thaj~Characterizes the dispersion of the values that can reasonably be attrjbuted to the
measyirand

NOTE1 The determination of the quality of a measurement that can be expressed with the uncertainty gf the test result
is of fundamental importance in any field of measuring and testing. A measure to quantify such quality is the uncertainty of
measureément. The shortened term “uncertainty” is used for simplicity in this International Standard.

NOTE 2 The expression “accuracy of measurement’ (closeness of the agreement between the result of a
measurement and the value of the measurand), commonly abbreviated as “accuracy,” is not associated with numbers and
is not used as a quantitative term.

See ISO/IEC Guide 99:2007, 2.26.

3.20

working standard

standard that is used routinely to calibrate or check material measures, measuring instruments or reference
materials

See ISO/IEC Guide 99:2007, 5.7.

© 1SO 2009 — Al rights reserved 5
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4 Test boundary

The test boundary concept encompasses the hardware scope of the gas turbine subject to performance
testing considering the reference conditions for the given guaranties. It provides the basis for the definition
and layout of instrument number, range and location required to determine the energy streams crossing the
test boundary as well as to determine the actual conditions during testing for correcting the test results to
reference conditions.

Figure 1 shows a typical test boundary for the scope of an open cycle gas turbine for electrical output
application with the measurement stations needed for the performance determination. The measurement
stations within the test boundary may be used for energy balance calculation as demonstrated in Chapter 8.

The given norhenclature is used for the example calculations in this International Standard.

Figure 1 — Test Boundary for Generator Application

a Airfilter d Turbine(s)
b _‘Compressor(s) e Generator
¢ { Combustor(s) f Test boundary for generator application

6 © 1SO 2009 — Al rights reserved
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The typical test boundary for mechanical drives is shown in Figure 2.

1 4 10“ 8“
- e N 1
| I |
= ] ;
| |
r 5 P

Zv | !
1 e S ot a
’E _______ [ S— | e —— —F\—jH—
L _

Figure 2 — Test Boundary for Mechanical Drive Application

a Airfilter d(_Turbine(s)
b Compressor(s) € Power Turbine
¢ Combustor(s) f Test boundary for mechanical drive application

Statiopn names are given in Table 1

© 1SO 2009 — Al rights reserved 7
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Table 1 — Station identification nomenclature

Station Measurands

1 Ambient air Temperature, pressure, humidity
2 Compressor inlet Temperature, pressure
3 Compressor outlet Temperature, pressure
4 Fuel + injection fluid Flow, temperature, pressure, fuel properties
5 Combustor outlet N/A
6 Turbine firtet NFA
7 Turbine [exhaust Temperature, pressure
8 Stack exhaust Temperature

Electrical power Active power, power factor, frequency, voltage, current
° Shaft pgqwer Torque, rotor speed
10 |Losses Thermal, mechanical, electrical

Note An

The losses ale
leaving the t

additional streams crossing the test boundary should be accounted for:

needed for the determination of the gas turbine exhaust.energy and include all energy [fluxes

st boundary. Such losses are typically radiation losses, bearing and gear losses, gerlerator

losses and thermal losses. An example for the latter is heat dissipation from compressor air cooling syistems

in combinatiop

with a heat recovery boiler of a combined cycle plant.

Generally the| losses have a small influence on the calculated gas turbine exhaust energy and therefore are
often taken ag constant design value rather than measured. An exception is the heat extracted from dooling

systems, whigh may be determined based on measured.flow, temperature and pressure.

5 Symbols
The symbols|and nomenclature used n-this International Standard are given in Table 2, together with the
physical unit.
Table 2 — Symbols

Symbol Definition Unit

CP,i Cofrection factor for power output -

CP,i,a Cofrection factor for power output, from measured to standard reference conditions -

C P.ib Correction factor for power output, from specified to standard reference conditions -

Cﬂ,i Correction factor for thermal efficiency -

C77, i,a |Correction factor for thermal efficiency, from measured to standard reference conditions -

CT], i,b | Correction factor for thermal efficiency, from specified to standard reference conditions -

COS® | Generator power factor -

Cpal Specific heat (heat capacity) at constant pressure of air kd / (kg K)
8 © 1SO 2009 — Al rights reserved
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Table 2 (continued)

Symbol Definition Unit
Cpi Specific heat (heat capacity) of gases at constant pressure kd / (kg -K)
Cp o7 Specific heat (heat capacity) at constant pressure of exhaust gases kd / (kg K)
hal Specific enthalpy of air at temperature Ta1 entering the compressor kdJ / kg
hgg. Specific enthalpy of air at compressar discharge temperature To, kJ / kg
hae Specific enthalpy of air at temperature T, leaking from the control volume kJ / kg
hct3.2 Specific enthalpy of the air flow from the external cooler at temperature T2 entering the control kd / kg

volume
hex,i Specific enthalpy of air at temperature Tex,;extracted from the compressaf.extraction i kd / kg
hf4 Specific enthalpy of fuel at temperature Ty entering the heat source (combustion chamber) kd / kg
hgﬁ Mean specific enthalpy of gases at temperature Ty entering, the turbine kd / kg

27 Specific enthalpy of exhaust gases at temperature gz kdJ / kg

28 Specific enthalpy of exhaust gases at temperature Ty kJ / kg
HR giztu:ate of the gas turbine, based on‘low heating value (LHV) of the fuel and electrical power kJ / KWh
HR, Corrected heat rate of the gas.turbine kJ / KWh
HR, Calculated from measured’data heat rate of the gas turbine kJ / KWh
h \ Specific enthalpy-of-the injected water or steam mass flow at temperature Tw4 entering the control kd / kg

w volume
h0 Specific€nthalpy of the fuel at reference temperature Typ=15 °C kJ / kg
[S Seeondary current at instrument transformer A
K, Ratio of current transformer -

K U Ratio of voltage transformer -
n'aal Compressor inlet air mass flow kg /s
ma3 Compressor discharge air mass flow kg /s
mae Mass flow of sealing and/or leakage air leaving the control volume kg/s
mCA’T Total turbine cooling air mass flow kg/s
© 1SO 2009 — Al rights reserved 9
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Table 2 (continued)

Symbol Definition Unit
mCA’CC Combustion chamber cooling air mass flow kg/s
mCAJW Cooling air mass flow for 1% turbine vane row kg/s
n'ee3 Mass flow of extracted compressor discharge air kg/s
n'ect3 Air mass flow to the external cooler leaving and entering the control volume kg /s

. Relative difference in inlet mass flow between the equivalent and the actual compressor (that is, |,
my equivalent reduction flow of actual compressor inlet air flow) A
meq AifTATet mass flow of an equivalent COmpressor WIthoUt Cooling alr extraction es, but with the ko ls

same power consumption as the actual compressor
nhex’i Extraction air mass flow at the compressor extraction line i kg {s
n'af4 Fyel mass flow entering the control volume kg (s
mg6 Gars mass flow entering the turbine kg ls
mg7 Meliss flow of the turbine exhaust gases kgls
mg7c Cqrrected mass flow of the turbine exhaust gases kg /s
n'agg Mass flow of the turbine exhaust gases kg ls
n'1w4 Injected water or steam mass flow entering the control volume kg {s

n, Reference speed of the output shaft 1/s
n, Specified speed of the output shaft during the test 1/s
N NJmber of correction factors -

Pb Cqoling air booster power consumption kW
P Ne¢t shaft power output at reference conditions kW
Poup Cgmpressor shaft power consumption kW
Pe9 Elgctrical power output at generator.terminals kW
Pe 9 Cqrrected electrical power output at generator terminals kW
PLL Transformer load losses kW
PNLL Transformer no-load.losses kW
PS Ngt shaft gas turbifte shaft power output during the test kW
P, Transformer losses kw
O; Gg¢nerator tosses kW
Os.a Generator losses from design KW
Qs Gearbox losses kW
Qa1 Energy stream of compressor inlet air flow, at spec. enthalpy ha1 kd/s
Qa3 Energy stream of air flow at combustion chamber inlet, at spec. enthalpy has kd/s
Qae Energy stream of sealing and/or leakage air flow leaving the control volume, at spec. enthalpy hae |kJ /s
chs.l Energy stream of cooling air flow to cooler inlet, at spec. enthalpy has kd /s
chs.z Energy stream of cooling air flow from cooler outlet, at spec. enthalpy hets 2 kd /s
Q{33 Energy stream of external air extraction flow, at spec. enthalpy has kd/s
Qex Energy stream of cooling air extraction equivalent flow expressed as md , at spec. enthalpy ha1 kd /s

10 © 1SO 2009 — Al rights reserved
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Table 2 (continued)

Symbol Definition Unit
Qf4 Energy stream of fuel entering the combustion chamber, based on fuel low heating value (LHV) kd /s
ng Energy stream of turbine inlet flow, at spec. enthalpy hge kd/s
Qg7 Energy stream of exhaust flow at turbine at spec. enthalpy hg7 kd/s
Qgg Energy stream of turbine exhaust flow at,spec. enthalpy hgs kd/s
Q Energy of turbilne exhaust flow, with the reference temperature of its spec. enthalpy indexed to the K /s

TTal reference ambient air temperature T |
Q7cT 1 grc])trrl]"zlcteq gner%yt s’;:]eamfof turbine nghfugtt flow, wtith tt_wre reference temperature of jts s;Lec. KkJ/s
py indexed to the reference ambient air temperature Taq
Q7cr eC&l;glcteq energy stream of turbine exhaust flow, with the reference temperature, of its spec. K /s
py indexed to the reference temperature To

Qlo Low heating value (LHV)(lower heating value) of the fuel at 15 °C and constant pressure kd / kg
Qm Gas turbine mechanical losses kW
Qm’d Gas turbine mechanical losses from design kW
Qr Radiation and convection heat losses of the whole surface kw
ch Thermal heat losses(for example: heat extracted from compressor air cooling system) kW
ch’ @) | Thermal heat losses, measured or from design kW
Qw 4 Energy of injected steam/water flow, at spec. enthalpy hwa kd/s
QW4J . Measured energy of injected steam/water flow, corrected to design if applicable kd/s
O Sum of engine losses ( Qm+Qc+Qr+Qu +Qcs ) kw
SH=h4-hy | Sensible heat of the fuel kJ / kg
Sm Measured apparent power which-is the product of measured (rms) voltage and (rms) current kVA
Sr Rated apparent power whichis the product of rated (rms) voltage and (rms) current kVA
];) Standard reference temperature for specific enthalpy of air and gases K
TfO Reference temperature(=15°C) for specific enthalpy of fuel °C
Tg1 Ambient airtemperature °C
Tg3 Air temperature at compressor discharge °C
7;6 Tempeérature of sealing and/or leakage air flow leaving the control volume °C

TC Control temperature at reference conditions °C
T, Temperature of the air flow from the external cooler entering the control volume °C
7;“. Extraction air temperature at the compressor extraction line i °C
Tf4 Temperature of fuel entering the heat source (combustion chamber) °C
Tg6 Temperature of gases entering the turbine °C
Tg7 Average temperature of exhaust gases °C
T 27c Corrected average temperature of exhaust gases °C
Tg7m Measured average temperature of exhaust gases °C
ng Mass flow average temperature of exhaust gases at the stack (simple cycle applications) °C

© 1SO 2009 — Al rights reserved 11
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Table 2 (continued)

Symbol Definition Unit
Tm Control temperature during the test °C
T Temperature of injected water or steam entering the control volume °C

w4
US Secondary voltage at instrument transformer \%
n Thermal efficiency of the gas turbine based on electrical power output and fuel lower heating |

value
e Corrected thermal efficiency of the gas turbine -
n, Mgasured/calculated thermal efficiency of the gas turbine -
Cgmbustion chamber efficiency from design, taken into account the total radiation and conventiony._
e heat losses
ATOT ; Additive correction factor i for turbine outlet temperature K
Additive correction factor i for turbine outlet temperature, from measured to standardyreference
A K
T0T,i,a | conditions
Additive correction factor i for turbine outlet temperature, from specified to standafrd reference
A K
T0T,i,b | conditions
6 Rgtio of the absolute gas turbine compressor inlet air temperatures at test"(measured), and at | _
reference conditions
Fo) Ra3tio of the ambient absolute pressure to the reference ambient absolute pressure -
Note:

1. Air or gas temperatures are assumed to be total temperature unless otherwise agreed

2. The general
where

hto is the gas
T is the acty
Usually To=0°C

any other temp|

6 Preparg

6.1 General

Performance

equation of specific enthalpy of ideal gases is h =.hm— hto = cp(T-To)

specific enthalpy at the standard reference temperature Ty of the enthalpy and
al gas temperature.

> in this case hto = 0 and h-=\hT =~ cp1; but it can be assumed equal to the ambient air temperatur
erature.

tion for tests

Testing requires complex and detailed preparations. Since the purpose of such tests may

is important

o-establish upfront the test objectives, identify the participating parties and their role

P, or to

ary, it
in the

process. A clear determination of the equipment boundaries and associated instrumentation shall avo

d any

potential disagreements after the test. A detailed test procedure specific to the test site/supplier's test facility
and conditions shall be agreed by all parties involved.

6.1.1 Agree

ments before the test

Many factors influence significantly the results of acceptance tests. Therefore tests shall always be carefully

programmed,

12

organized and conducted so that the results are of the highest practical accuracy.
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6.1.2 Test objectives

The objective of any tests is to determine performance characteristics of the gas turbine in accordance to any
previously drawn up agreements such as the Purchase Agreements, Test Criteria Documents, EPC
requirements, Power Purchase Agreements, Contractual Services Agreement etc. A detailed procedure for
conducting the tests and evaluating the results shall be issued and agreed upon prior to conducting the tests.
This test procedure shall provide full details of the method of measurement and about method used for
correcting the results from test conditions to the reference conditions or the criteria set out in the pertinent
documents. This test standard does not deal with tests needed to determine the environmental emissions,
noise and vibration, that generally form part of other test procedures. However, these tests can be carried out
concurrently with acceptance tests as per the purchase contracts or other related documents.

6.1.3 | Performance degradation

The performance degradation of gas turbine during operation is an existing phenomenon.|The d
the ggs turbine is caused primarily by fouling and erosion of the gas flow path, and also’by wear
agreement to apply degradation corrections to the performance test results is strictly a com
betwelen the parties and beyond the scope of this standard.

In mdst cases, the gas turbine performance guarantees are made based.on equipment “ne
condition. The contractual agreements between the parties should defing the period when the
considered as new and clean and state if performance corrections are permitted, when equipn
beyond this period.

The detailed methodology on how to apply degradation correction may be derived from Comp
fleet performance of similar units, predictive degradation curyes, or other methods. It should be 3
actuall measurement of degradation through Comparative'\Festing over short time periods is dif
the r
commissioning the control parameters could be changed. The degradation correction may |
multipjicative and could be applied to the test results or the guarantees made to the gas turbine 2
8.2.2.5.

6.1.4

The fgllowing recommendations shiould be considered when establishing the requirements for in
accuracy, calibration, documentation and location of permanent and temporary instrumentatig
during

1.

e of deterioration and measurement uncertaintyshave similar magnitudes and by the fa

Design, Construction and start up considerations

the test.

If [permanent installed -instrumentation will be used during the test, the requirements of §
implemented if possible at early stages of the design. The ability to conduct post test cal
sybstitute with emporary instrumentation also should be considered.

egradation on
and tear. The
mercial issue

w and clean”
equipment is
hent is tested

arative Tests,
Iso noted that
ficult because
ct that during
e additive or
s indicated in

strumentation
n to be used

5.4 should be
brations or to

2. For temporary instrumentation, the design should cater to allow connections and spgols sections,
prlessure~connections, thermo wells and electrical tie-ins. To meet the required flow meters neasurement
uncertainty limits, use of flow straighteners is recommended.

3. The instrumentation layout shall be as given in this scope for measurement uncertainty and if possible

allow the ability to validate critical test measurements. (e.g. pressure, temperature, fue
output)

6.2 Test procedure

| flow, power

The performance test shall be conducted based on a test procedure, which was developed to provide detailed
guidance on the test execution. This document supplements the contract obligations and clarifies particulars
of contract issues. It shall provide the course of action for performing the test. . Prior to the execution, the test
procedure shall be agreed upon, by authorized signatures of all parties to the test. The following topics should
be included within the test procedure:
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a) Base reference conditions and guarantees

b) The criteria for acceptance at the test completion.

c) Test control borders and the locations of the measuring sensors

d) Details about instrumentation including : type, location and calibration requirements

e) The requirements for the stabilization period prior to the test commencement.

f) The details concerning fuel handling, including a procedure for fuel samples collection, handling, method

of analysis, frnnlllnnr*y of sampling as well as the distribution of duplicate fuel samples far each party,
including f set of samples to be kept in case of additional analysis

g) Allowable range of fuel conditions, including constituents and heating value

h) Required|operating conditions, e.g. test load, rotating speed, isolation list (see also Table,9)
i) Required|levels of equipment cleanliness and inspections prior to test

i) Procedur¢ to account for performance degradation

k) Recording of test readings and observations

I)  Number qgf test runs and duration of each run

m) Frequencly of data acquisition, data acceptance and rejection:griteria

n) Method of combining test runs to calculate the final testresult

0) Numerical values, curves or algorithms for corfection under conditions differing from the spg¢cified
condition$

p) Requirements for data storage, document reténtion, data and test report distribution
gq) Method fqr agreeing and documenting any modification to test procedure

r) Method fqr documenting the specific gas turbine control parameters pre-test and post-test.

6.3 Test preparation

The equipment shall beeapable of reliable operation at full load before any test at the suppliers test fadility or
on site test cgqmmeneesWhere on site testing is to be undertaken, the tests should be carried out very shortly
after the commissioning process has been completed. For the plants that are already in commercial opgration
the tests shall be, carried out in clean and undamaged condition. Appropriate degradation allowance may be
applied as agkeed-nr-cemmercial-contracts

A test director shall be appointed by the test conducting party. The appointed test director shall be responsible
for seeing that all tests are conducted in professional manners and this test standard used as a guideline for
the execution of the tests. The previously agreed test procedure shall be the basis for conducting the tests.

Prior to the tests, all parties involved in the testing shall be in agreement with the procedures for at least the
following items:

a) Conduct a survey of all plant identifying any deficiencies in equipment and for procedures, which might
affect the performance test.

b) inspection of the fuel flow measuring system
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c) The gas turbine compressor blades should be visually inspected and cleaned (off line washing with
previous hand washing if necessary) unless only limited running, from a known clean condition, has been
undertaken before the test and all the components are clean and ready for test.

d) Gas turbine compressor inlet guide vane angle has been verified by measurement and adjusted to control
specifications if necessary.

e) Gas turbine TIT (turbine inlet temperature) control parameters based on the exhaust temperature and
other relevant factors.

f) Calibration of all temporary instruments before shipment to site and valid certificates to be less than 12
manths, fraceable to national or international laboratories

g) Lacation and proper installation of all temporary and unit (if applicable) instruments~and crosschecked
with the calibration certificates and serial numbers.

h) Electrical power output measurement including power factor (gross and/or net if applicable).

i) Data acquisition system for monitoring all relevant parameters and the frequency of data collection.

j) Data that is required manually and the frequency of data collection.

k) Use of operating screen prints for additional information whichimay include plant emission|readings and
any alarms that may affect the running of the acceptance tests:

I) Detailed schedule of all the tests including the duration of all tests.

m) Operation modes and settings of the gas turbine (exg. bypass or boiler, anti-icing, compressdr bleed, etc.).

n) Alpreliminary and recent fuel analysis (with fuel density and calorific value) is available to ehsure that the
fuel is substantially as intended.

o) Sampling methodology and the frequency of sampling of the primary fuel. The number of $amples to be
retained by the operator, the conducting test team and spare sample shall be agreed pripr to the test.
Identification of the names of theMaboratories for fuel analyses. Portable gas analysis equipment may be
selected for this use, if it meeis)the accuracy requirements of this standard.

p) Alproper number of personnel, of suitable skill, is available for the correct use of the instruments and for
cqllecting the test data:

q) An effective indication and intercom system is available to indicate the starting and the end of the tests
and the variotis-pauses wherein the readings of the different instruments shall to be taken.

6.3.1 | Equipment preparation

Propel_preparation of the gas turhine test is essential Where a site test is to be undertaken this preparation is

not considered part of normal commissioning activity of the plant that is being acceptance tested from new.
For on site tests it is normal practice that the supplier of the equipment inspects the plant to be tested and
provide instructions as to the restorative action that is required prior to conducting the tests. In any case,
before the tests, the machine shall be placed at the disposal of the supplier for examination and cleaning. A
pre-test readiness report that demonstrates the equipment has been properly prepared shall be issued to all
the parties concerned by the tester of the plant prior to conducting the tests.

© 1SO 2009 — All rights reserved
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6.3.2 Test deviation agreements

Any test deviation outside the performance test procedure or this test standard shall be agreed prior to the test
completion and shall be handed over in writing to all parties involved.

A meeting shall be held with all parties involved to agree if the preceding tests were conducted in accordance
with performance test procedure and the guidelines given in the test standard. It shall also be agreed whether
the collected data are acceptable to all parties involved in the tests. Once this has been agreed, the test shall
be designated as an official test.

6.3.3 Schedule and location of test activities

A test schedd
requirements
completion of
site or other:[

5t and
st and
plant

le should be prepared to include at least the sequence of events, anticipated time of\te
to notify of the parties. Other activities such as preparations to the test, conduct of the‘te
the report results should also be provided. The location shall be designated at the actua
st facilities, where working conditioned could be acceptable to all parties.

6.3.4 Prelininary to tests

m the

All parties to

the test shall be given timely notification, as defined by prior agreement, to allow the

necessary time to respond and to prepare personnel, equipment, or documentation. Updated inforn

should be pro|

vided, as it becomes known.

6.3.5 Pre test records

Dimensions &
calculations o
from namepl
instrumentatiq
developed o
algorithms, cq

nd physical conditions of parts (pipe length, orifice diameters) of the gas turbine requin
I other test purposes shall be determined and recorded before the test. Serial numbers an
htes should be recorded to identify the gastturbine and auxiliary equipment testg
n should be identified and model and serial numbers recorded. Documentation sh
be made available for calculated or adjusted data to provide independent verificat
nstants, scaling, calibration corrections, offsets, base points, and conversions.

6.4 Instrum

nts and measuring methods

nation

ed for
d data
d. All
all be
on of

6.4.1 General requirements
s and
clause
by the

This section describes the instruments; methods and precautions to be employed in testing gas turbing
components |n accordance with this International Standard. Where there is no specification in this

concerning thie instruments and-the measurement method used, these shall be subject to agreement

parties to the fest.

The use of adlvanced_ €lectronic instruments and devices together with a computer controlled data rec
and processing system is preferred in respect of achieving test data and results with the highest Ig
accuracy. Howeyver{ manual recording of analogue instruments is allowed in cases where non-elec
instrumentatigris-are used.

brding
vel of
tronic

The instruments and measuring methods mentioned and described hereafter are state of the art and
commonly employed at the time this International Standard is published, however, new technology and
methods of measurement may be adopted for performance testing as they are available provided they comply
with the requirements for the maximum uncertainties specified herein.

Instruments, devices and measurements shall be employed in accordance with relevant International
Standards, unless otherwise agreed.

Users of this standard shall develop a site and equipment specific uncertainty calculation based on the implicit
understanding that all parties to a performance test are interested in test results with lowest practical
uncertainty.
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The final uncertainty of a test result will be unique for each test because of the differences in the scope of
supply, fuel used, turbine sensitivity coefficients, instrumentation and driven equipment characteristics.
Therefore, it is not the intention of this standard to define limits for the overall uncertainty of a test.

To ensure reliable and accurate test results, limits for the uncertainty of required measurements and also for
the permissible variations of the operating parameters during a test are established in this standard.

For comparative testing, unlike absolute level of testing, the determination of uncertainty is different, since the
desired result is the difference in power or efficiency rather than the absolute level. The viability of the test is
based on selecting the appropriate instrumentation and defining the sensitivities in such a way that the
uncertainty will be only a relative small percentage of the expected differential.

6.4.1. Measurement uncertainty
ements in the
urand, i.e. the
M measurand
hanical power,
o conduct a
test has the

In general, no measurement or test is perfect and imperfections give rise to error of .measur
result] Consequently, the result of a measurement is only an approximation to the value’of meas
specific quantity subject to measurement. When applied to gas turbine testing, the"general ter
may dover many different quantities, e.g. gas turbine heat rate, plant efficiency,.eleetrical or mec
the mass flow of water or steam, temperature and pressure of fluids~A-detailed way
measyirement uncertainty is given in Annex A. The application of uncertainty analysis to a
follow|ng objectives:

a)

ehables to quantify the quality of a test result ;

b) igentifies the contribution of each measurement to the overall test uncertainty;

c) provides a mechanism for improving the quality of the \test.

If the
uncerf
such

Howe
the fo

A pre-
3 alon
the oV

Then
overa

The a
scopel
accep)

nstruments for a performance test are qualifiedwith an uncertainty equal to or better than
ainties as specified in Table 3 then the test-results will follow with an inherently high level ¢
ases the determination of the overall test'uncertainty is not mandatory.

ber, where one or more test instryments are not in conformance with the uncertainty lev
lowing procedure may be applied:

test uncertainty analysis shall be performed by using the limit for each measurement spe
g with the appropriate sensitivity factors for the turbine being tested. This shall provide a [
erall test uncertainty.

the number and\type of instrument(s) for each parameter shall be selected so that thg
| uncertainty iS.equal to or less than the previously calculated benchmark.

the maximum
f accuracy. In

bls of Table 3

vified in Table
enchmark for

result of the

pplicationsand the use of overall uncertainty figures to the final performance test results a

is ess|

ential that for all instrument readings the random and systematic error associated with th

re outside the

of this.standard, as these are primarily contractual and its rationalisation should be agre¢d prior to the
tanCe tests. However, when uncertainty of measured of relative performance levels is to t} calculated it

readings are

known.

6.4.1.2

Maximum allowable uncertainties

To achieve test results with highest possible accuracy it is mandatory to establish the maximum permissible
uncertainties of measuring instruments, devices or parameters.

During preparation of a performance test the measurement methods shall be carefully evaluated and the
instruments and apparatus calibrated to prove that they are in compliance with the uncertainties summarized
in Table 3 for units generating electrical power.
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Table 3 — Maximum permissible uncertainties

Individual instrument or Max.. Remarks
parameter uncertainty

Barometric pressure 1+ 0.05 % Instrument uncertainty

Air inlet temperature +0.2K Instrument uncertainty

Relative humidity +2% Instrument uncertainty

Electrical power metering +0.2% Instrument uncertainty

Current transformer +0.2% Equivalent to accuracy class 0.2S

Voltage transformer +0.2% Equivalent to accuracy class 0.2S

Mechanigal power (torque) +1.0% Instrument uncertainty

Frequengy / Shaft speed +0.25% Instrument uncertainty

Gas fuel pressure +0.25 % Instrument uncertainty

Gas fuel femperature +0.2K Instrument uncertainty

Gas fuel heating value £0.5% Combined uncertainty of gas composition

Gas fuel mass flow +0.5% Combined uncertainty of tempgrature, pressure,

volumetric flow and gas compesition

Oil fuel tgmperature +0.2K Instrument uncertainty

Qil fuel heating value +1.0% Combined uncertainty.of laboratory analysis

Oil fuel mass flow +0.5% Combined uncertainty of volumetric flow and

temperature

Turbine gxhaust temperature +3K Instrument.uncertainty

Inlet pregsure loss 1+ 50 Pa Instrument uncertainty

Exhaust pressure loss + 50 Pa Instrument uncertainty
6.4.1.3 Cajibration
The calibratign, defined as set of operations that establish, under specified conditions, the relatipnship
between valugs of quantities indicated by aymeasuring instrument of measuring system, or values repregented
by a materigl measure of a reference material, and the corresponding values realized by standards

(ISO/IEC Guidle 99), is providing the input quantity for the correction or compensation of the recognized error
arising from @ systematic effect-as well as the quantity of the remaining uncertainty (Type B stgndard
uncertainty, I$O/IEC Guide 983))which is required for the determination of the combined standard unceftainty
of the final tegt result.

The instrumgnts and <devices required for the determination of the performance as defined in the test
procedure shall be properly calibrated versus reference standards to allow elimination of the systematic|effect
of the candidates{ where applicable, and to verify that their uncertainties are in compliance with the maximum
uncertainties given'in Table 3.

The calibration shall include sufficient points covering the operation range expected for the performance test
as well as considering hysteresis effects. If on-site plant instruments and devices are used for performance
testing, the required calibration may be accomplished with working standards. Likewise, on-site calibration
checks of temporary test equipment can be done using working standards.

Each instrument shall be provided with a calibration certificate proving the traceability of the calibration
procedure to national or international standards and shall be reported as recommended by EA (European co-
operation for Accreditation) in the publication Expression of Uncertainty of Measurement in Calibration
(EA-04/02) or other recognized organizations. Certificates of calibration shall meet the requirement stated in
Section 6.3 item f.
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The adjustment of the measuring instrument or system for systematic error from calibration can either be done
by compensating the systematic effect with an algebraically added correction or a numerical correction factor
applied to the measurement result. Where electronic data collection systems are used for performance testing,
the adjustment of the systematic type of deviation by means of correction can be replaced by using polynomial
regression curves generated with the method of least square fitting based on the calibration data of the
reference standard and the relating electronic signal of the measuring instrument.

The need for re-calibration of various sensors will be determined based on the sensor manufacturer
recommendations for specific applications.

6.4.2 Pressure measurement

Preferlably calibrated electronic pressure transducers based on sensing technology such as.piego, capacitive
etc. wjth temperature compensation shall be used to assure highest level of measurementaceuracy. However
instruments like manometers (U-tube or single leg type), dead-weight gauges Bourdon' or other elastic type
gauggs may also be used where applicable.

The methodology, number and type of instruments used for the measurement of a/pressure shall be carefully
evaluated considering magnitude and range of parameter, accuracy requirement as well as| specific flow
dynamics and design of equipment.
Attentjon shall be paid to location and installation of pressure instruments in a manner that no additional errors

inducg¢d by environmental conditions such as radiation, vibration, etc/ or leakage of pipe and fitting increase
the urjcertainty of the reading.

6.4.2.1 Barometric pressure
The apsolute atmospheric pressure shall be measured-with a barometric pressure transmitter calibrated with a
maximum uncertainty of 0.05%. The instrument shallbe located outside of any closed containmgnt in a stable
and pfotected environment at an elevation equalto the centreline of the gas turbine shaft.

Barometric pressures from local weather stations shall not be used.

6.4.2.2 Compressor inlet pressure
Comprressor inlet pressure is défined as the total pressure prevailing at the compressor inlet. It [s an absolute
pressiire based on the algebraic sum of the barometric pressure, the gauge static pressure ang the dynamic
presslire, when the quantities’are measured and evaluated separately.

The dynamic pressure is usually calculated using the mean velocity and air density in the sectiop where static
pressfires are measured. This mean velocity is computed from the area of this section and the rgted flow.

If no inlet duet;-silencer or filter is used; inlet pressure shall be taken as barometric pressure.

Wher¢ ¢he ‘'mean velocity at the compressor flange or in the vicinity of the compressor inlet flare is below
20 m/t%mmmmmmmg higher than

20 m/s, static pressure shall be taken as the average of three stations, placed as near symmetrically as
possible in a place normal to the mean flow.

For closed cycle installations, the procedure for measuring compressor inlet pressure shall be the same as
that specified for compressor outlet pressure

6.4.2.3 Turbine outlet pressure

Turbine outlet pressure is defined as the static pressure prevailing at the turbine exhaust flange (or
regenerator outlet flange, if a regenerative cycle is used), and is obtained in the same manner as for the
compressor inlet pressure. The static pressure shall be taken as the arithmetic average of the measurements
at three stations placed as nearly symmetrically as possible in the section.
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If no outlet duct is used, outlet static pressure shall be taken as barometric pressure.

Where conditions of high velocity and pressure gradients exist at the chosen location, measurement methods
shall be agreed to ensure that the value obtained is representative of the mean weighted pressure.
Alternatively, a calculated exhaust pressure relative to ambient may be considered.

6.4.2.4 Compressor outlet pressure and turbine inlet pressure

If turbine inlet temperature is determined by indirect means, it may be necessary to measure the compressor
outlet pressure or, if practicable, the turbine inlet pressure.

Static pressu s, the

H from

ball kb a b b, L kil 1 £ Lial b
Coolidilnh Vo TTITedouTrTvu Vy UTTC  UT T TTTIUTO T PTUVT O do APYMITLAVIT. 1TT LAoT UT TITUILIPTS PJTUY

pressure valu
the estimated

6.4.2.5 Fu

For the deter
conjunction w

6.4.3 Temp
Recommende
a) resistance
b) thermocou

Other temper
provided they|

Each instrum
authority to ve

Where the tefnperature of a fluid stream(isymeasured with the dynamic component of temperature excsg

0.5K, a stag
correction sha

6.4.3.1  Ain

Depending o
temperature g

e will be the arithmetic average of the measurements. Dynamic pressure shall be compute
mean velocity in the relevant section.

b| gas pressure

mination of the fuel gas density at line conditions the fuel gas pressure-shall be measy
th the fuel gas temperature installed as close as possible to the fuel méter:

prature measurement

d instruments for measuring temperatures are:

hermometers (IEC 60751, Industrial platinum resistance‘thermometer sensors)

ples [IEC 60584 (all parts)]

bture measuring devices such as thermistors-and liquid in-glass thermometers may also be
are properly calibrated with uncertainty in.compliance with the limits given in this standard

rify that they are within the maximum uncertainty limits.

nation (total temperature) type thermometer shall be used, or alternatively the apprd
Il be applied to the megasurement made with a standard probe.

inlet temperature

h the test ‘boundary definition the air inlet temperature is equal either to the ambig
r the compressor inlet temperature.

6.4.3.2 An’rbient air temperature

red in

used

bnt used for testing shall be calibratedor compared with an instrument certified by a recognized

teding
priate

nt air

Instruments required for the measurement of the ambient air temperature shall be installed at the location
where the air stream is crossing the specified test boundary, typically at the filter house of the air inlet duct.
Special care is required for the protection and shielding of the temperature probes from solar and other
radiation sources as well as from high (> 10 m/s) air flow across the sensing element.

In case of multiple gas turbine units, installed in one or more rows or staggered, with or without evaporative
cooling systems (within the inlet air system) every effort shall be taken to find the most representative and
accurate location(s) for the determination of the weighted average of the ambient air temperature and
humidity, where the test boundary is entered.

The number of instruments shall depend on the shape and the size of the air filter system inlet area.The
temperature shall be measured with four instruments uniformly distributed over the cross sectional area of the
inlet. It is recommended to locate one sensor for each 10 m?of inlet area. In case where inhomogeneous
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temperature profile exists over the inlet section, the number of probes shall be increased accordingly. If the
difference of the maximum and minimum temperature is larger than 5 K, such as in case of nearby plant
equipment producing hot streams directed towards the air inlet duct, the root cause shall be investigated and
where possible eliminated.

6.4.3.3 Compressor inlet temperature

The air temperature at the compressor inlet may be used for energy balance calculation. It shall be measured
with instruments having a maximum uncertainty of 0.2°K. At least two sensors shall be used and readings
taken simultaneously to calculate the mean value. If the temperature is measured at a location where the air

In ca

e of evaporative cooling or other fogging systems in operation care should be taken for th
the measurement location(s) in order to prevent sub-cooling of the temperature element(s) by
impingement.

6.4.3.4  Turbine inlet temperature TIT
Operdg
detern
tempe
meas
balan
8.3.5.

tion of the gas turbine at the specified temperature setting dufing testing is fundar
hination of thermal performances. Generally, gas turbines are designed on the basis 0
rature, which is, except for special cases such as closed cyele gas turbines, virtually
ire. Therefore the turbine inlet temperature can only be detérmined by indirect means b

ce calculations. The procedure for the calculation of the NSO turbine inlet temperature
D

For the measurement of the turbine inlet temperature of closed cycle turbines, two sensors may

6.4.3.5 Turbine outlet (exhaust) temperature

Typically the scope of a gas turbine includes. the measurement devices for the turbine outle
because it is used in the gas turbine operation, control and protection system as primary input pa
turbing manufacturers, through development and experience, are determining the number and |
tempdrature measurement probes intthe exhaust plenum or in the inter-stage area (on multiple S
gas tyrbines), accounting for non=uniform temperature and flow velocity profiles as well as the
and copnduction effects.

If temporary test instrumentation is used for the measurement of the turbine outlet temperature,
four densors or appropriate traverse probes shall be located at centres of equal cross ss
considering spatial témperature and flow velocity gradients. If, for practical reasons, it is neceg
the sensors close_tQ, or at, the turbine exhaust flange, more than four sensors may be requi
adequate accuracy. For closed cycle turbines, two temperature probes may be sufficient. The ¢
duct between:the turbine exhaust flange and the measuring station shall be properly insulated.

e selection of
water droplet

nental to the
f turbine inlet
impossible to
ased on heat
is defined in

be sufficient.

t temperature
rameter. Gas
pcation of the
haft or reheat
rmal radiation

a minimum of
ctional areas
sary to place
red to assure
asing and the

The elxhaust gas temperature shall be measured near the test boundary, which is often the ir

terface plane

between the gas turbine and Heat Recovery Steam Generator or the gas turbine exhaust stack. The exhaust
gas from a gas turbine usually has a non-uniform temperature and velocity profile. Therefore, the individual
measured exhaust gas temperatures may be averaged. The method shall be defined by the manufacturer.
The preferred method is for the manufacturer to provide a calculation method based on either field test data
from other similar units, or from analytical means such as CFD modelling.

6.4.3.6 Combustion chamber air inlet temperature
It may be necessary (see 8.3.4) to determine the mean total temperature at the inlet to the combustion
chamber and estimate the temperature rise therein. Methods for measurement of the mean total temperature
at the entry to the combustion chamber will vary according to the detailed design of the machine. Necessary
precautions shall be taken into account against radiation
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6.4.3.7 Fuel temperature

Fuel temperature may need to be measured at two different locations, close to the flow meter for the
calculation of the fuel supply and, if applicable, for liquid fuel return and at the test boundary for the
determination of the sensible heat.

6.4.4 Fuel measurements

6.4.4.1 Gaseous fuel

Since each energy stream shall be determined with reference to the point at which they cross the test
boundary, thg choice of the test boundary can have a significant Impact on ihe iest results. It may be at a
different locatjon depending on what parameter is being determined (i.e. gas turbine efficiency vs. exhaust gas
energy via hept balance). An example might be the use of a fuel pre-heater, which requires the use of different
temperature \falues for efficiency and exhaust energy.

6.4.4.1.1  Qas fuel characteristics

Gaseous fuel[characteristics shall include the determination of
a) density
b) heating value

c) compositio

=

D

d) temperatur
€) pressure

) flow

Upon agreement between the parties to the test’heating value and density may be calculated or taken from
records of the gas supplier, provided the dates and times of the records are concurrent with test datgs and
times, and tjé bases of the values selected are completely described in the test reports. In addition the
calibration data of the reference measunement instrumentation shall be traceable to International Standards
with the uncerftainty in compliance with the limits given in these Standards.

For blast furrface or refinery_das‘and other gases, the composition of which varies continuously, sampling
shall be carried out with such frequency during the period of the test that a fair and representative heating
value of the|gas is obtained by averaging the results. When possible, it is recommended that p gas
chromatogragh be used dquring the test.

6.4.4.1.2 (QasAuel density

The gas density and compressibility at test conditions shall be calculated with the methods specified in ISO
6976 and ISO 12213-2 respectively, based on fuel gas pressure and temperature measured at the flow meter.
Both, density and compressibility shall be determined with the actual molar fuel gas composition.

For gas mixtures not covered by the referenced standards parties shall agree on the method to be used to
calculate the density.

6.4.4.1.3 Heating value
The lower heating value (LHV), called also net heating value of gaseous fuel shall be determined by

computation according to ISO 6976, using the specific heating values at constant pressure of the component
gases and their normalized proportions in the fuel and based on a combustion reference temperature of 15°C.

22 © 1SO 2009 — Al rights reserved


https://standardsiso.com/api/?name=ffee01ae2ae1e0259fd7da4d8cc8e250

ISO 2314:2009(E)

Alternatively any other type of calorimeter may be used, if the uncertainty values required by the standard are
met. The method to be applied shall be previously agreed upon by all parties to the test.

In any case, adjustment shall be made for sensible heat of the fuel where the actual temperature at test
conditions is above or below 15 °C.

6.4.41.4 Fuel gas composition

The molar fuel gas fractions shall be determined by a certified laboratory in accordance with the
chromatographic method for hydrocarbons up to C8 as described in ISO 6974-1, also called “Tailored
Analysis”. If gas analysis is required for higher hydrocarbons up to hexadecane (C16), ISO 6975 shall be

applicable (Extended Analysis).

Gas analysis data of online gas chromatographs may be acceptable by mutual agreement of the
test gnd provided that the chromatographs are properly calibrated, traceable to internation
Alternptively, for the verification of the online chromatograph, gas fuel samples may bepanalyzed
labordtory and compared with the online results taken simultaneously with the samples.

The moisture fraction in industrial natural gas is usually of a small magnitude having a negligible
heating value of the gas. Therefore the determination of the moisture content/is not required. Hg
indicafions reveal that the gas contains moisture above common standard, the fraction the
analyzed by either laboratory analysis or dew point measurement method:

In cerfain gaseous fuels such as blast furnace gas, the fraction of dust in the fuel is of importanc
measyired. Dust may have an impact on the accuracy of the measurements of gas mass flow, d

parties to the
al standards.
by a certified

effect on the
wever, where
reof shall be

e and shall be
Lie to possible

erosign or other mechanical effects on the flowmeter. 'However, owing to the wide range of dust

charagteristics, loadings, etc., the parties shall agree previéusly on the procedure to be use
persopnel with experience in this class of fuels.

6.4.4.1.5 Fuel gas sampling

Fuel gas samples shall be taken in accordance with in ISO 10715 using special sample cg
recommended to take at least two sets of:samples, one at the beginning and one at the end

1 by qualified

ntainers. It is
of a test run.

Additipnal sets of samples may be taken‘within the test period where the gas composition is fluctuating.

A minjmum of three samples perset shall be taken, one for the laboratory analysis plus an ad
. The spare samples shall be retained until laboratory results are released and con
acceptable. The fuel characteristics used for test run analysis shall be determined from the a
charagteristics from the individual fuel samples taken at the beginning and completion of each te

6.4.4.1.6 Gaseous fuel flow measurement
The dctual volume of flow per unit of time (flow rate) of gaseous fuels shall preferably be d
meang of either a turbine type flow meter in accordance with ISO 9951, a positive displacemd
flow meter, an orifice metering run or a coriolis meter meeting the applicable requirements of
interngtional or national standard.

ditional spare
sidered to be
verage of the
5t run.

etermined by
ent volumetric
a recognised

In the event of such a method not being practicable, gas consumption may be determined from flow
measurement by means of nozzles, orifices or venturi meters, which shall be designed, arranged and
instrumented in accordance with ISO 5167 (all parts).

The computation of the actual fuel mass flows at test conditions is based on the equations outlined in ISO
9951 and ISO 5167 (all parts) respectively and in conjunction with ISO 6976 for the determination of the gas
density.

Ultrasonic flow meters or others shall also be permitted provided the devices are individually calibrated and
comply with the uncertainty requirements given in this International Standard.

Fuel meters used for performance testing shall be individually calibrated to reduce the maximum uncertainty
of fuel mass flow to 0,5%.
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6.4.4.2

6.4.4.21

Liquid fuel measurement

Liquid fuel characteristics

Parties to the test shall agree upon the fuel sampling method. Fuel characteristics shall include the

determination of:

a) density

b) heating value

C) Vviscosity where-appticabte
d) temperature

e) compositjon

f) flow

6.4.4.2.2 Density

Density of cry

other equivalent standard. The actual density at test conditions shall be determined by interpolating be

the analysis r

6.4.4.2.3
The higher h
15°C shall beg

heating value
water vapour

The foregoing
a physical of
approved inst

In each case
15°C. The sp4

Heating value

de or liquid petroleum fuel may be obtained by hydrometer méthod as described in ISO 3

bsults using the measured fuel temperature.

determined by means of a bomb calorimeter method. Then the lower heating value (LH
at constant volume is found by calculatien-deducting the latent heat of the calculated amg
produced from the measured hydrogen content of the fuel.

determination should be carried out in accordance with DIN 51900-1 or equivalent stand
chemical laboratory agreed _upon by the parties. Continuous flow calorimeter or othe
rumentation may also be uséd:

adjustment shall be (made for sensible heat of the fuel with a test temperature differen
ecific heat may be taken from the Table 4.

Table 4 — Liquid fuel properties

575 or
tween

pating value (HHV) (gross heating value) at-genstant volume and a reference temperature of

) (net
unt of

ard by
r 1ISO

t than

Fuel Viscosity Specific heat
Gas oil <9,5x 10° m?s at 20 °C 1,88 kJ/kg/K
Light fue] 6it <49x10°m%s at 20 °C 1,76 kJ/kg/K

Medium fuel oil

<110 x 10° m?/s at 50 °C 1,63 kJ/kg/K

Heavy or extra heavy fuel oil

<380 x 10° m?/s at 50 °C 1,59 kJ/kg/K

64424 L

iquid fuel composition

The liquid fuel mass fractions (C, H, N, O, S) shall be determined by the following codes: for Carbon,
Hydrogen and Nitrogen ASTM D5291, Trace Nitrogen by ASTM D4629, Sulphur by ISO 14596 or ISO 20846
and Oxygen by DIN 51451. In addition the determination of water shall be done by ISO 3733 and for ash by
ISO 6245 respectively. With the results of the fuel analysis the specific heat and enthalpy for the fuel and the
exhaust gas can be established. Also the exhaust gas composition can then be determined.

24
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6.4.4.2.5 Liquid fuel sampling

A fuel sampling location shall be identified and agreed upon prior to the test. The sampling shall be selected
as close as possible to the test boundary, upstream of the metering station, such that the liquid fuel sample
represents the characteristics of the fuel flowing through the metering device. Special care should be taken to
ensure that the sampling location is not influenced by all the processes outside of the test boundary that may
change the composition of the fuel (strainers, filters etc).

Sets of at least three liquid fuel samples should be taken at the beginning and completion of a test. If unsteady
fuel supplies are suspected, samples may be taken more often. One sample from each set shall be sent to a
qualified laboratory. One sample should be provided to the owner and the third should be retained until all fuel

analys
analyg

is is completed and the results are accepted by all parties. The fuel characteristics

used for test

is shall be determined from the average of the characteristics from individual fuel sampteg

taken before

and after each test.

6.4.4.2.6 Liquid fuel flow measurement

WherI the liquid fuel flow is measured with a nozzle, orifice or venturi flow-seetion, such meter shall be
desigmed, arranged and instrumented in accordance with a recognized standard, for example [ISO 5167 (all
parts)| Other flow devices such as positive displacement volumetric, vortex;.coriolis or ultrasonic flow meters
shall also be permitted. In any case, the fuel flow measuring device shall’be suitably calibrated [o ensure that
the maximum uncertainty is less than 0,5 %

Calibrated volumetric measuring tanks may also be used:provided that the required uncertainty of
measyirement can be demonstrated.

A wei

applie
with a

Any s

down
meas

6.4.5

6.4.5.

These
IEC (I

The d
3 dep

be m

requirements of this International Standard.

gh tank system shall be free upon its pivot and unconstrained by any external force suc
d by unsuitably designed or unsuitably placed pipe connections. It shall be calibrated b
h overall maximum uncertainty of measurementnot exceeding 0,5% of the measured quan

pill or leakage from control valves or“burners shall either be reintroduced into the
tream of the fuel flow meter or its quantity shall be separately measured and deducted
ired flow.

q
4

Power measurement

| Electrical powermeasurement

tests shall be performed using electrical measurement equipment in accordance with thg
nhternational Electro-technical Commission) or other recognized standards.

efinition af electrical power output to be verified may be given at different stations as indic

sured-at any station if properly equipped with adequate transformers and in conform

h as might be
efore the test
tity.

fuel system
from the total

standards of

ated in Figure

bnding-on.the test boundary stipulated by contractual scope or guarantee definition etc. The power may

ance with the

:

It is to be noted that design and nomenclature may be different to the terms used by gas turbine
manufacturers.
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Figure 3 — Stations definition of electrical power

—Excitation
2 Auxiliary
3 togrid

Table 5 — Station definitions for electric power measurement

Station | Description of measurement
9 Gross electrical power at generator terminals. In case of dynamic excitation of the generator this
power corresponds with the power at station 9.1a.

91a Net electrical power of generator = gross electrical power at'generator terminals minus excitation
’ power

9.1b Net electrical power low voltage = net electrical power of generator minus equipment or jplant
’ auxiliary

9.1c Net electrical power high voltage = net electrical power low voltage minus step-up transfqrmer
' lgsses

9.2 Bxcitation power (static excitation)

9.3 Hquipment or plant auxiliary

The metering| method of the electrical power, the two-watt meter or preferably three-wattmeter method, is
depending or] the various types of the power generating and distributing arrangements, which typically are
three-phase gystems with Star or Delta generator connection in three- or four-wire configuration.

In order to sglect the appropriate metering equipment and define the corresponding instrument transformer
connection the particular site"configuration shall be reviewed during planning and preparation of the test.

6.4.5.1.1 Electrical-power metering

For the measurement of the active power single-phase or poly-phase precision Watt- or Watthour—me'ers of
an accuracy class of not more than 0,2% shall be used. IT the power meter Is not equipped with an integrated
feature to measure the power factor, the instantaneous reactive power shall be recorded with a Var-or Var-
hour meter of an accuracy class of 0,5% or less.

In cases where excitation and/or auxiliary power, branched off the main generator bus line, is metered to
determine the net electrical output based on gross power measurement, the accuracy of the corresponding
Watt- or Watthour-meter shall be of a magnitude that the contribution to the uncertainty of the net output is
less than 0.03%.

The recording time for Watthour-meters shall be measured with such a precision that the contribution to the
uncertainty of the power to be determined is less than 0,03%.
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Power metering equipment used for testing shall be calibrated against reference standards traceable to
recognized international standards. The calibrations shall be made in such a manner that the expected test
load, voltage and frequency conditions are covered.

Preferably portable test instruments, properly calibrated in a laboratory, shall be used. However switchboard
instruments may be used by mutual consent of the parties and provided that the requirements given in this
International Standard are fulfilled.

Metering systems, such as poly-phase meters, which cannot be verified and calibrated by separate single-

phases, shall not be used.

6.4.5. 12— Instrument-transfermers

Corre
be us
other

conne

ctly rated and calibrated voltage and current transformers of at least 0.2% accuracy Class
bd. The instrument transformers shall be designed solely for metering purpose with no un
than that of test instrument and leads i.e. protective relay or voltage regulator®deviceg
cted to the transformers.

The calibrations shall cover the expected field test conditions such as turn ratio;-phase angle and
The ¢

inductance, voltage drop or any other cause are minimized. Twisted-anhd shielded pairs for cur
reducing the impact of inductance and voltage drop may be minimized by choosing appropria

and rgsistance considering wire length and load of voltage transfermer.

6.4.5.2 Mechanical power determination

6.4.5.2.1 Torque measurement

Either] of the types of apparatus described in thé_following sections may be applied to measure
in the|derivation of the mechanical outputs of\gas turbines.

6.4.5.2.2 Absorption dynamometers-(mechanical, or any fluid types, or a combination o
these

The dynamometer selected shall be chosen so that the minimum measured torque at any sps

20 % pf its normal maximum rated torque. Absorption dynamometers shall be constructed so th
fluid gnters and leaves inZa plane through the axis so as to avoid tangential velocity compo
precaytions shall alsote taken regarding external windage. Hose connections, if used, sh
sensilple tangential-sestraint. Dashpots, if used for damping oscillations, shall be demonstra
equal[resistance to-motion in either direction. Effective radius arms of dynamometers shall be n
an urfcertainty{not exceeding 0,1%. A manufacturer's certificate may be accepted as evig
accuracy.

The fgreermeasuring device shall be checked against certified weights in the directions of both i

or better shall
nown burden
shall not be

rated burden.

pnnecting leads between meter and instrument transformer shall ©e arranged so that effects such as

ent leads are
e wire gauge

torques used

f any of

ed is at least
at the cooling
hents. Similar
Il impose no
d to impose
heasured with
ence for the

ncreasing and

decreasing load. The posifive or negafive error of the force-measuring device shall not exceed 0,1% of the
maximum load to be read in the test. The average of increasing and decreasing loadings shall be accepted as
the calibration only if the difference remains within 0,3% of the maximum test load.

Tests shall be considered unsatisfactory should there be irregularities in the operation of the dynamometer, for
example a period surging of load, such as might be due to the action of water in the dynamometer, or some
resonant condition that produces pulsations of indicated torque in excess of + 2%.

6.4.5.2.3 Shaft torque meter

The calibration certificate for the shaft torque meter shall be verified before the test series current in
accordance with the manufacturers recommendations for the specific application. If the system is affected by
temperature, it shall be recalibrated after the test at the temperature experienced during the test. Calibration
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shall be performed with the torsion-indicating means undisturbed from pre-test to the end of the post-test
determination. In any case, observations shall be taken with a series of increasing loadings to a value above
maximum test readings, followed by a series of decreasing loads. Loading shall always progress in one
direction except at maximum value. The average of increasing and decreasing loads shall be accepted as the
calibration only if the difference is within 1% of the maximum test load.

Readings shall be taken with sufficient frequency and averaged with sufficient data in order not to be

influenced by

6.4.5.3

The power of;
opening rest
measured cg
pressure.

6.454 Po

Where output

shaft itself (fg
testing the dri

6.4.6 Speeq
An instrumen
constancy of
indicating deV

For checking

recommended for visual readout as well as recording.

Either positivgly driven or no-contact type tachometers shall be used for all speeds. Hand-held tachor

are not recom

When mean

from the shaff,

the oscillation of the shaft torque.

Power determination, gas generator

ictor at full load. The power is deflned as that produced by an |sentrop|c expansior
nditions at generator outlet (total pressure and temperature) to the ambient atmos

wer determination, other cases
is in a form which is not electrical and when it is not practicable to neasure the output

ven machine. Such standards may be used only after mutual agreement by the parties invq

measurement

of the speed-indicating type may be used for initial setting of the test speed and for ch
speed during test periods. Each shaft of a multi-shaft'engine shall be equipped with a
ice.

constancy of speed during test periods, electronic pulse counter type speed indicato

mended, because of the possibility.of slip.

otational speed influences test results, an integrating type revolution counter, positively
shall be used. Counting and time accuracy shall be such that uncertainty of mean speed

jvalent

from
pheric

bn the

r example pumps, compressors, etc.), reference shall be made to the*appropriate standard for

Ived.

bcking

gpeed-

(S are

neters

driven
does

not exceed [0,25 %. Whenever celectronic type pulse counters are used for power and efficiency
determinations, readings shall bedaken with sufficient frequency that the average of all readings will not differ
from the average of alternate readings by more than 0,25 %.

6.4.7 Other/measurements

6.4.7.1  Humidity

When the mdisture content of the air entering the test boundary shall be measured, an instrument with the

capability of determining relative humidity within an uncertainty of 2% points shall be used.
The number of instruments shall depend on the shape and the size of the air filter system inlet area .

In case of multiple gas turbine units, installed in one or more rows or staggered, with or without evaporative
cooling systems (within the inlet air system) every effort shall be taken to find the most representative and
accurate location(s) for the determination of the weighted average of the ambient air temperature and
humidity, where the test boundary is entered.

The humidity may be determined with direct measurement using a hygrometer or with measurement of wet
and dry bulb temperature, barometric pressure and calculating the relative humidity by means of
psychrometric charts, tables or algorithms.
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6.4.7.2 Secondary heat input/extraction

Where the performance test requires measurement of secondary heat input such as injection flow or heat
extracted by the lubricant coolers, intercoolers and vents, as in the case of indirect measurements of
mechanical power, the accurate temperature, pressure and flow measurements shall permit determination of
the heat with a maximum uncertainty no bigger than 10%.

6.4.7.3 Data recording system

The use of an electronic data recording system in favour of manual recording is recommended for two
reasons, one is the avoidance of personal bias in reading analog instruments and the other is the higher

H pax 73

sam naratavhbich aAllowae o radiintionns ~AFf tha Lt Ao A ANt Ao oA by ran A ~fF
plirgrate-which-alews-a-reduction-of-the-tneertainty-compenent-caused-by-randerm-effeets:

The recording system shall have the ability to store the data of the primary electronic_(typically analogue)
signall generated by the instrument as well as the data of the corresponding sighal tramsformed into
engingering units to allow post test data verification or correction.

Data acquisition systems converting primary analogue signals into digital signals 'dsing A-D converters shall
have & resolution of 14 bit (equal to 0,006% of range) or better.

7 Clonductance of test

7.1 Specified reference conditions

The reference conditions shall be defined by the guarantees or the object of the test and they form the base
line fgr corrections. Every effort should be made to run\the test under the specified conditions ¢r as close as
possilfle to the specified conditions, in order toZminimize the effect of corrections. Th¢ guaranteed
performance data, as written in the Contract documents, refer to the GT Generator Unit operatirjg at specified
referepce conditions and specified fuel. Typicalreference conditions are mentioned in Table 6.
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Table 6 — Specified reference conditions !

Ambient pressure Pa
Ambient temperature °C
Ambient relative humidity %
Frequency Hz
Power factor (cos ¢) -
GT-generator unit speed of rotation rpm
Compresspr et fotal pressure drop, @ specified site conditions 7 Pa
Turbine e¥haust static pressure drop, @ specified site conditions ) Pa
Normal sulfur content as hydrogen sulfide ppmy;
Calorific value of fuel @ specified conditions kJ/kg

2)

C / H ratio mol % / mol %
H / C ratio mass % / masp %
Mean temperature at gas turbine fuel manifold inlet °C

Pressure 4

t gas turbine fuel manifold inlet (for information only)

Pa

Notes:
1. Alterr
2. a)H/d
b) C/H
7.1.1 Speci
In case of na

gas compong
than natural ¢

atom ratio base on mole percentages without CO>
mass percentage ratio without CO,

fied gaseous fuels

atively, at ISO conditions (101.325 kPa, 15°C, 60% RH, Ap in.et=0 Pa, Ap outLeT=0 Pa)

ural gas, a typical list of fuel\gas components is shown here below. The mol% of the ind
nts shall be the same as_specified in the Contract documents. For special gaseous fuels
as (for example: synthetic gas), the proper gas composition shall be specified.

vidual
other

30
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Table 7 — Typical list of fuel gas components

Methane CH,
Ethane C,Hs
Propane C3Hs
iso-Butane i-C4H10
n-Butane n-C4H1q
iso-Pentane i-CcH.»
n-Pentane n-CsH1»
Hexane CeH14
Heptane C7H4s
Octane CgHis
Nitrogen N,
Argon Ar
Oxygen 03
Carbon dioxide CO,
Carbon monoxide CcoO
Moist H,O
Hydrogen H,
Helium He

The fyel temperatures at the boundary.scope of supply and at fuel control valve need also to be
the contract document. Other valués, such as calorific value, C/H ratio shall be calculated
compésition given above.

specified from
based on the
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7.1.2 Specified liquid fuels

Typical characteristics of a fuel distillate oil, which shall be the same as written in the Contract documents:

Table 8 — Typical characteristics of liquid fuels

Calorific value of fuel @ 15°C kJ / kg

Density @ 15°C kg/m®

Specific gravity @ 15°C -

Kinematic viseosity-@-502C+{forinformatiorronty) RSt

Sulfur, total mass %

Carbon, total mass %
Hydrogen mass %
Nitrogen mass,%

Oxygen mass %

C/H ratio mass %/mass %
7.2 Preliminary checks

In addition to[the test preparations as described in Section 6.3,ximmediately prior to start the tests, th

turbine opera
shall be chec

All mech
of consu

Online c

Check of

The gas
the test read
manufacturer
standard.

7.3 Starting

The test direq

ion shall be visually checked for cleanliness and\possible fluid leaks. Particularly, the fol
ed:

anical and electric equipment are in normal operating conditions, complying with the agre
mers, part of test procedure.

ompressor wash is off (dependent'on operating regime).
pperating modes of the gas(turbine
urbine should be thermally stable and operating to control specifications prior to start rec

ngs. Guidelines for“operating conditions to achieve thermal stability shall be given I
Any variations_of important instruments should be inside the permissible values given

and stopping of tests

tor’is responsible for ensuring that all starting criteria for the test are fulfilled. All parties

test shall be i

e gas
owing

ed list

brding
y the
in the

to the

pformed of the starting time of the test by the test director. The test director is responsible

or the

check of the fulfilment of all stopping criteria and to achieve agreement of all parties to the test on stopping the
test or test run. The test director may extend or terminate the test if the requirements are not met.

7.31

Starting criteria

Prior to starting the performance test, the following criteria have to be satisfied:

a)

upon test requirements, for example:

32

equipment operation and method of control

operation, configuration, and disposition for testing have been reached in accordance with the agreed
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- availability of consistent fuel within the allowable limits of the fuel analysis for the test (by analysis as
soon as practicable preceding the test)

- gas turbine operation within the bounds of the correction curves, algorithms or programs
- equipment operation within the allowable limits

b) Stabilization - Before starting a test run, the plant shall be operated as long as necessary to establish
steady state conditions. Steady state is achieved when the key parameters associated with the test
objectives have been stabilized. Stability will be achieved when, prior to the test run, each observation
of an operating condition shall not vary from the reported average, by more than the amount specified
in Table 9

c) Data collection — Data acquisition system(s) functioning, and test personnel in place |and ready to
collect enough data to achieve random errors as low as possible.

7.3.2 | Stopping criteria
Prior fo stopping the performance test, the following information should be confirmed:

a) operation, configuration, and disposition for testing has been in acc¢ordance with the agrg¢ed upon test
requirements, for example:

- |equipment operation and method of control

- |gas turbine operation within the limits of the correction, curves, algorithms or programs (the handling of
exceeding of these bounds has to be agreed on by:all parties to the test)

b) Stgady state - Key parameters associated with\the test objectives have not exceeded thg steady state
criteria from the reported average, by more than the amount specified in Table 9.

c) Data collection — Data acquisition system(s) collected sufficient information as specified in the test
pracedures.

7.4 Operation prior and during test

7.4.1 | Operating mode

The operating mode of the-gas turbine during the test should be consistent with the objectives of the test. The
corregtions utilized in~the development of correction curves will be affected by the operatirlg mode. If a
specified, corrected or'measured load condition is desired the control system should be configurged to maintain
the cgndition during-the test.

Test cendittons—{temperature—and-pressure—at—the oS B 2 et Jwil—r—most cases be
different from the defined reference conditions. Therefore, test results will have to be corrected to reference
conditions, as described in section 8.2.

In the case of an installation involving variable speed characteristics, such as mechanical drive, it may be
possible to operate the gas turbine at a condition which is aerodynamically similar to the reference conditions.
This approach, if adopted in the test procedure and accounted for in the test result correction method, can
lead to increased accuracy of the corrected test results.

Aerodynamic similarity is given if the relationship between operating parameters at test conditions and
reference conditions is as follows:
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a) Output shaft speed:

Jo

specified speed of the output shaft during the test in 1/s

is the reference speed of the output shaft in 1/s

n,=n,
where

n, is the

nc

0 isth

referencd

b) Shaft pows

Py = Fg
where

P is the

P

c

o

c) Control ten

T, =T
where
T, is the

T

c

is th

The gas turbi

b ratio of the absolute gas turbine compressor inlet air temperatures at test (measuréed);
conditions (7,,,, +273.15) /T, +273.15).

2.m
r output:

‘\/EorPcz

Ly

56

net shaft power output during the test (specified or at control temperature limit) in kW

is the net shaft power output at reference conditions in-kW

is the ratio of the ambient absolute pressure te the reference ambient absolute pressure

perature (e.g. turbine inlet, turbine.intermediate or exhaust)

70r7';:£

control temperature during the test in K

e contrelitemperature at reference conditions in K

né-efficiency calculated based on data taken at that test point will correspond to the efficie

and at

ncy at

reference con

test and reference conditions.

7.4.2 Auxiliary equipment operation

ditions, but may need to be corrected If other parameters, e€.g. pressure losses, diifer between

All the auxiliary equipment that is necessary for normal operation of the gas turbine at specified reference
conditions, has to be accounted in determining auxiliary power loads (for example, heat tracing). Intermittent
auxiliary loads also have to be accounted for in an equitable manner and applied to the power consumption in
a manner agreeable to all parties.

34
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7.4.3 Inlet air treatment (evaporative coolers, chillers, foggers, heaters)

Due to the increase in the test uncertainty in determining the effectiveness of inlet air treatment devices, it is
recommended that the gas turbine test be conducted without these devices in operation. The acceptance test
results can then be adjusted using the appropriate design correction curves for the inlet air treatment
equipment that is out of operation. If inlet air treatment operation is specified as part of the scope of the
acceptance test, the gas turbines shall be tested with the inlet air treatment in operation (if weather conditions
permit), and the acceptance test results adjusted using the appropriate correction curves. No correction for the
sensible heat of water added or removed (blow down) is necessary for testing with coolers.

7.4.4 Adjustments

Prior {o the start of the official Acceptance test runs, the contractor shall be permitted to do.adjustments and
run preliminary tests. The purpose of preliminary tests is:

a) Determining whether the Gas Turbine and associated plants are in a condition 'suitable for conducting
an Acceptance Test.

b) Checking instrumentation, Data Acquisition System and equipment status
c) Instructing personnel involved with the test and plant isolation; familiarization with test progedure

d) The Gas Turbine final setting shall be established according to the results of the preliminaly tests.

—

After preliminary tests are concluded the test director may declaredhe’beginning of the official test.

Once |an official test run has started, no adjustments shall be permitted except by agreement of all parties to
the test.

7.5 |Duration of tests

The duration of a test run and the frequency of the' readings shall be selected to provide reliahle average of
the readings. A 30 minute test run is recommeéended to be in compliance with Table 9 and to jmeet the test
uncerfainty requirements. If it is not possible-to fulfill all the requirements of Table 9, then evaluation of power
and efficiency shall be carried out three-times consecutively. In this case the duration of each fest being not
less than 5 minutes and not longer than-20 minutes (i.e. a total period of not less than 15 m|nutes and no
longer than 60 minutes). The results\ef the three test runs shall be averaged. For optional tests|the adequate
duratipn of any test is to be mutually*agreed on by the parties prior to the test.

7.6 |Maximum permissible variations in operating conditions

Each pbservation of @n-operating condition shall not vary from the reported test average, by more than the
amoupt specified in_th& following table. Although the listed parameters are not independent, no gingle figure of
table 9 shall be exceeded during a test run.

© 1SO 2009 — Al rights reserved 35


https://standardsiso.com/api/?name=ffee01ae2ae1e0259fd7da4d8cc8e250

ISO 2314:2009(E)

Table 9 — Maximum permissible variations in operating conditions

Variable Variation_ of any
observation from
reported average
operating conditions
during a test run

1 Electric output at generator terminals 1%
2 Shaft power output (mechanical drive) 2%
3 Power factor 2%
4 GT-Generator unit speed of rotation, if applicable +1%
5 Temperature of gaseous fuel”, as supplied to the plant + 3K
6 Temperature of liquid fuel, as supplied to the plant #3K
7 Ggseous fuel pressure 1%
8 Ambient temperature + 2K
9 Barometric pressure +0,5%
10 | FlJe gas exhaust absolute pressure +1%
11 Turbine exhaust temperature + 2K
™ For gageous fuels other than natural gas, the allowable variation shall*be specified by prior agreement

In case that, dluring the test run, some observations of an operating condition will vary beyond the permjssible
limits prescrijed in the Table 9, the test run can be rejected. However, if the fluctuation is limited in tinje and
amplitude, it ¢gan be agreed between the parties to discard those readings showing excessive deviationg, and
to accept the fest.

7.7 Test records

To the extent|possible, test readings shall be recorded on a data acquisition system. The measured vallies of
test parametgrs, as well as settings and other significant observations during the test, shall be entered on
carefully preppred forms, which constitute original log-sheets to be authenticated by the observer's signgture.

The observafjons shall include’the date and time of day, ambient conditions (temperature, pressurg and
relative humidity) and the required measurements. They shall be the actual readings without application pf any
instrument cofrections. The position of each measurement shall be clearly marked on a flow sheet, usipg the
nomenclature| presentéd jn the project specific acceptance test procedure.

For the acceptance test, a complete set of unaltered log-sheets and recorded charts shall become the
property of thg parties to the test. The log-sheets and any recorded charts shall constitute a complete re¢ord.

The original sheets and recorded charts shall be such as to permit facsimile reproduction as, for example, by
photocopying process. Copies of documents in handwriting are not permissible.

Immediately after completion of each test run all relevant electronically taken data shall be given to the each
party involved. All original measurement data taken manually shall be countersigned and set of data handed
over to the parties involved.

A meeting shall be held with all parties involved to agree if the preceding tests were conducted in accordance
with performance test procedure and the guidelines given in the test standard. It shall also be agreed whether
the collated data are acceptable to all parties involved in the tests. Once this has been agreed, the test shall
be designated as an official test.
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Validation of test runs shall be mutually agreed to by the Contractor and the Customer (or Employer)
representatives.

If, during the conduction of the test or the subsequent analysis of the observed data, an inconsistency is found
which affects the validity of the results, the parties should make every reasonable effort to adjust or eliminate
the inconsistency by mutual agreement.

Test validation shall be based upon any condition invalidating test data, including as the minimum:

a) Gl -—Generator Unit load reiection-originated-bv external Linternal causes
J 7 ~J J

b) Failure of test equipment without redundancy.

c) V

d) G

e) A

8 C

In con
or intsg
etc., 4

8.1

8.11

The ¢

can easily be converted into mechanical drive applications.

8.1.2

If the
guara
as pe

For gd
with s

parties such variations are permitted

priation of variables beyond the limits prescribed in Table 9, unless by a writtenlagreems

T running under load limiter

hti-icing in operation, unless by a written agreement among the parties such variations are

omputation of results
nputing results of tests for power and thermal efficiengy, the determination may be made

grated values of observations made during a single‘test run, after applying corrections fo
s presented in this International Standard.

Performance test results

General

blculated examples in this seetion are based on generator drive applications, however, th

Power

power output is“measured at a station, which is identical with the contractually defined
hteed power Qutput, the measurement result can directly be used for correction to referer
equation-(12).

nerator-application the active power Py, measured at the secondary side of the instrumen
ngle~phase watt meter method, can be expressed with the following equation:

nt among the

bermitted

vith averaged
I instruments,

bse examples

reference or
ce conditions

t transformers

Pe9= g (UK Mig & hoos (p],-

i=1
where
Us is the secondary voltage at the instrument transformer
IS is the secondary current at the instrument transformer
Ky is the ratio of the voltage transformer
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K7 is the ratio of the current transformer
cos ¢ is the generator power factor

n is the number of phases, normally n =3

Where the power loss of the step-up transformer is considered for the determination of the active power
between station 9.1b and 9.1c of Figure 3, the power loss at actual test conditions shall be calculated based
on transformer factory test data as follows:

U 2 S 2
| —m | om
N LUJ P LSJ ol

PTR] are fhe actual transformer losses

~
I
>“U

P N1 are fhe no-load losses of the transformer from factory test report

Um is the measured generator voltage at test conditions
U is thie rated generator voltage

Py arefhe load losses of the transformer from factory.test report
Sm is the measured apparent power at test conditions
Sy is the rated apparent power

Mechanical ppwer is determined by torque meter or heat balance of load equipment.

8.1.3 Thermal efficiency / heatrate

The thermal gfficiency 1 ofdhe”engine based on electrical power output and the net heat consumption is
computed from

Pe9 is the electrical power output, in kilowatt

Qf4 is the heat consumption of the fuel, based on lower heating value, in kilowatt

The heat rate HR in kilojoules per kilowatt hour, may be computed from
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0
HR = f4-3600:l-3600 -(4)
Pe9 n

The heat consumption Qf4’ in kilowatt, is determined by the equation

with the sensible heat SH in kd/kg

SH 4 hf4—h0=cp’f4(Tf4—Tf0) ...(6)
and

mf4 is the fuel consumption, in kilogram per second

Qlo is the lower heating value (LHV) of the fuel at 15 °C and constantypressure, in kilojouleg per kilogram

hf4 is the specific enthalpy of the fuel at temperature Tf4 entering the test boundary, in|kilojoules per

kilogram

ho is the specific enthalpy of the fuel at reference temperature TfO =15°C, in kilojoules|per kilogram.

cp, 4 is the specific heat of the fuel at constant pressure, in kilojoules per kilogram Kelvin.

8.1.4 | Turbine exhaust gas energy

The cplculation of the turbine exhaust gas energy is based on the system energy balance for the equipment
subje¢t to performance testing withithe energy streams crossing the defined test boundary as shown in Figure
1 and|Figure 2:

Qa1+_Qf4+Qw4:Qg8+P69+Q10 -(7)
wherg

Qal F mglig] is the energy of ambient air with the mass flow 7,1 and the specific enthalpy|/

Qf4 alue (), and

the sensible heat SH (see equation 6)
Qw4 = w4 - hyw4 is the specific enthalpy of the injected water or steam mass flow at temperature T,

entering the control volume, in kilojoules per kilogram; consideration of evaporation of water can lead to
negative values for specific enthalpy

Qg8 is the resulting energy of turbine exhaust gas assuming Qg8 is equal to Qg7

Pe9 is the electrical power
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QIO = Qm + QG + QGB + Qr + ch is the sum of the losses including mechanical Qm , generator QG ,

gear box QGB’ radiation and convection loss Qr' thermal heat losses ch that could be extracted heat

from air coolers (e.g. 0,

=05, —0.;,, seefigure 4).

Q,. is the radiation and convection heat loss commonly defined as Q,. = (1-77,..) mf4 (O, +SH)

where

is th

e combustion chamber efficiency.

mt

With the gengral definition of the specific enthalpy /& = cp(T—TO), where Cps assumed constant,

heat capacity
the enthalpy

mal-€p,al’

To simplify th

at constant pressure, 1 the actual “process” temperature and T’ () the refereneetempera
commonly 273.15 K, but can vary in the industry), the equation (7) can be rewritten as

Ta1=T0) + i £4(QpySH )+ 0,4 = Og7+ Peo+ Oy

e above equation the reference temperature 7'() is set equalwith the ambient air tempg

is the

ure of

@)

rature

To=Tal -V

hich eliminates O ;.

Equation (8) regrouped, substituting Q]O with its components and-resolved for Qg7 is then

0g7= 1 £ 401 +SH 1+ Qs = Pe9 = 0y = 0 ~Op — O -[®
where
mf4(Qlo+5H) is the heat input Qf4 of the-fuel, which can be set equal to the electrical power Pog
divided by thg thermal efficiency M of the.gas turbine as follows
Pe9
0 — ..J(10)
47y

Now equation (9) is simplified with equation (10) resulting in

N1é
Qg7:Pe9'7—l)+QW4_Qm_QG_QGB_ch -
where
Qg7 is the turbine exhaust gas energy with the enthalpy at the assumed reference temperature T,

8.2 Correction of test results to reference conditions

The preferred approach in conducting acceptance tests is to run the gas turbine as close as possible at the
defined reference conditions to minimize the correction of the results. It is recognized however that this may
not always be possible; the tests may have to be run under some other conditions, and the results corrected
to reference conditions to facilitate comparison of the measured with the guaranteed performance data.

40 © 1SO 2009 — Al rights reserved


https://standardsiso.com/api/?name=ffee01ae2ae1e0259fd7da4d8cc8e250

ISO 2314:2009(E)

8.2.1 Correction methodology

The fundamental performance equations for correcting calculated test values to the reference conditions are
applicable to any of the gas turbine types covered by this Standard. The applicable corrections to be used for
a particular test depend on the type of gas turbine being tested and the goal of the test. The format of the
fundamental equations allows decoupling of the appropriate correction effects (ambient conditions, injection
fluids, etc.) relative to the measured parameters of power, heat rate, exhaust flow or energy, and exhaust
temperature so that measured performance can be corrected to the reference conditions.

A set of correction values is calculated by changing only one variable at a time and calculating a correction for

each value of that vanable within a defined range. A graph|cal representat|on for this type of correction

bivarid

variab
formu

te formulation, several sets of correction values are created as described above by var
le within a set. The second variable is changed between sets. If one were“to graph
ation, the multiple sets of corrections would make up a family of curves for ‘which the secd

3ic equation to

5. To create a
ying only one
this bivariate
nd variable is

constant along any one curve but is different between curves. For example, thé correction for fugl composition

may b
perfor

To de
single
of gra
the re
recom

8.2.2

The n
the psg
refere
be ma3
Corre
surroy

8.2.2.

e split into two or more components to better characterize the impact-of-fuel composition ¢
mance.

termine algebraic equations, one could either create a single equation with two variabl
tvariable equations with each equation giving the correctionsat a different value of the sg
bhical interpretation of correction curves, it is necessary, to.provide a table of the data poin

mended that equations and/or graphical representations be supplied.

Correction factors

easurement of electrical or mechanical pewer and the gas turbine fuel heat consumption i
rformance test. Sufficient supporting data shall be recorded to enable correction of the

hce conditions, as stated in the appropriate sections of the relevant contracts, so that a co
de between the results from testing and rated gas turbine capability at specified operati
ction curves should be provided prior to the tests. It is vital that the test boundary or en
nds the gas turbine is established. All streams crossing the boundary shall be identified ar

|  Correction of power

Measlired and calculated’test results are corrected with the following basic equation:

sponse of the dependent variable to the independent variable over a defined range.

n gas turbine

s or multiple
cond variable
s that reflects
It is also

5 essential for
est results to
mparison may
ng conditions.
velope, which
d determined.

P9 c|= P9 m= ﬁ Cp,i ...(12)
i=1

where

P9 is the corrected power output of the gas turbine

P9m is the measured/calculated power output of the gas turbine

C P,i is the correction factor i for power output

N is the number of correction factors
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8.2.2.2 Correction of thermal efficiency and heat rate

Measured and calculated test results are corrected with the following basic equation:

N

Ne =M I Cyi ..(13)
i=1

where

Ne is the corrected thermal efficiency of the gas turbine

M is thelmeasured/calculated thermal efficiency of the gas turbine

Cn ; is the|correction factor i for thermal efficiency

N is thel[number of correction factors

and the corre¢ted heat rate is as follows:

HR 3600
HR¢ = n_ - (14
N n
B c
I ¢,
i~
where
HR . isthe corrected heat rate of the gas turbine
HR;;, s the measured/calculated heat rate of the gas turbine
8.2.2.3 Coyrection of turbine outlet temperature
Measured andl calculated test results-are corrected with the following basic equation:
N
To7,c=Tgl,m— X AIOT,i .L(15)
i<l

where

T g7 .c is the corrected turbine outlet temperature, in °C;
T g7.m is the measured turbine outlet temperature, in °C;
ATOT,i is the additive correction factor i for turbine outlet temperature, in K;

N is the number of correction factors
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8.2.2.4 Correction of turbine exhaust gas energy

The correction of the turbine exhaust gas energy to reference conditions is inherently included while the
exhaust energy, according to equation (11), is determined with equation (12), (13) and (15), which are the
corrected input parameters power, thermal efficiency and turbine outlet temperature. An acceptable alternative
is the correction of turbine exhaust gas mass flow and temperature.

The input parameters in equation (11) can now be substituted with the measured and corrected power
Pe9= Peg,c and thermal efficiency N = Ne. the measured energy of the injection fluid QW4 = QW4 me

and thermal heat loss ch = ch m(d) whose value can also be taken from design if determination by

measlirement is not practicable, as well as the mechanical Qm = Qm,d , gear box QGB: Q GB,d and
generator QG = QG J osses from design. With the assumption 7'() =T ] above, Qg7 of equation (11)
becomes then the corrected turbine exhaust gas energy Qg7 c.Tal With the reference temperature of its

enthalpy indexed to the ambient air temperature T ], which is the temperature_used as referenge for the

corregtion of power and thermal efficiency as well as of the remaining parameters taken from degign as
followp

e
Qg7 C’Tal = P€9’C(’77 _l)+ Qw4’mc _Qm’d _QG,d _QGB,d _ch,m(d) (16)

C

Qg7 c.Tal is the corrected turbine exhaust gas energy at reference ambient air temperature 7f ;7

Pe9 b is the measured and corrected.power according to equation (12)
Ne is the measured and cerrected thermal efficiency according to equation (13)
N¢e is the combustion, efficiency from design

QW4 me 18 the measured thermal energy from injection fluid, corrected to design if applicable
Qm d isthe'mechanical loss from design

QG d is the generator loss from design

QGB d is the gear box loss from design

ch,m(d) is the thermal heat loss, measured or from design

Next step is the correction of Qg7 cT.al from indexed reference temperature T ] to the original

temperature 7'(). For this, equation (16) is rewritten as follows

Qg7,c,Tal =mg,c Cp,g7(Tg7,c_Ta1) ...(17)
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and applied for the turbine exhaust gas energy at reference temperature 7'()

Q97,e,70="11g7,cp,g7Tg7,c=T0)

Equations (17) and (18) are then combined and resolved for the corrected turbine exhaust gas energy

0 g7,¢,T0 at reference temperature 7'()

(To7..~T0)

..(18)

Qg7,c,T0 - Qg cTal————
(Tg7.c7Tal)

where

Qg7,c,Ta] is the corrected turbine exhaust gas energy at reference ambient aif)temperature

calculated with equation (16)

Tg7,c is the corrected turbine exhaust gas temperature according to equation (15)
T0 is the reference temperature of the specific enthalpy (commonly 273.15 K)
Tal is the ambient air temperature at reference (contract or-agreement) conditions

8.2.2.5 Summary of correction factors

The following|table summarizes the correction factors for péwer output, thermal efficiency and turbine

temperature.

Table 10 — Overview-of correction factors

—(19)

Ta]1

outlet

Pararpeter of reference condition Power Efficiency TOT
Barometric pressure Cpl Cn,l ATOT ]
Ambient gir temperature cp2 Cn,2 ATOT 2
Relative Humidity cp3 Cn,3 ATOT 3
Generatolf power factor Cp4a Cn,4 ATOT 4
Generato _frequency or gas turbine or CP,S CTLS ATOT 5
power turbiné speed
Inlet pressure loss CPo6 tn,6 ATOT,6
Outlet pressure loss Ccp7 Cn,7 ATOT,7
Injection fluid flow cpg Cn,S ATOT 8
Fuel composition Cpo Cn,9 ATOT 9
Heat extraction Cpri0 Cn,lO ATOT,10
Degradation Cpl1 Cn,l1 ATOT,1 1
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The correction factors are individually defined during preparation of a particular test procedure, depending on
gas turbine configuration, scope subject to performance testing and contractual specifications. Additional
correction factors shall be applied where necessary. Correction factors, which are not applicable, are set
equal to unity for multiplicative and zero for additive factors.

Basically the correction factors are derived from correction curves supplied by the gas turbine manufacturer.
The curves are generated by varying one parameter over the range of expected deviations from standard or
specified reference conditions. Several correction curves could be bivariate. In this case the correction will be
a function of two variables. To create appropriate correction curves, several sets of correction values are
created by varying only on variable within a set. The second variable is changed between the sets. A graphic
representation of this type of correction appears as a family of curves for which the second variable is
constant along one curve but different between curves. In addition to the correction curves, polynomial
equatjons of the curves or a list with base points for interpolation may be provided to simplify, fhe correction
proceflure during evaluation of the test results and to avoid misinterpretation in reading corréection curves.

Wherg¢ the specified reference conditions are other than standard reference conditions:(see Clause 3, 3.9)
with the correction curves based on the latter, the correction factors shall be calculated-as follows:

Cpi
cpil=— " ..(20)
Cp,ib
ATOV,i = (ATOT,i,a—ATOT,i,b) ...(21)
where

a is the correction factor from measured to standard reference conditions

b is the correction factor from specified to standard reference conditions

Sometimes manufacturers are providing-curves showing the relative change of performande versus the
variabjle parameter. In such case, the Mmultiplicative correction factor is equal to the inverse ¢f the relative
change of performance as show below'on an example for power correction:

CP,i:# ..(22)
r
Pref

wherg

P is the power as function of the variable parameter

Prej iS5 thepoweratspecified or stardard referencecomdition

The use of gas turbine performance simulation model provided by the manufacturer is also permitted for
correction of test results. Simulation models may be employed for acceptance tests of complex gas turbine
configurations or where variable parameters are not independent.
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8.30ther gas turbine performance parameters
8.3.1 General
In this section following subjects will be dealt with:

e Gas Turbine Energy Balance

e Compressor Inlet Air Mass Flow

e Combustion Chamber Energy Balance

e Turbine Inlet Gas Temperature

Due to te¢hnical developments some parameters can only be determined with help of manufacturer's data
and complicated calculations. Therefore the equations underneath, referring to the last two subjects, will

act as guidelines. The use of appropriate non-dimensional correction curves is permitted-

8.3.2 Gas turbine energy balance

3
Ps - /
6 A
T~
i : l
Q al Am Qae 098
Figure’4 — Control Volume for Gas Turbine Energy Balance
1 Control volume 5 Compressor
2 Air cooler 6 Gear box

4 Turbine

Gas turbine energy balance:

Qal +Qf4 +Qw4 +Qct3.2 +Pb - Ps +Q63 +Qct3.1 +Qr +Qg8 +Qae +Q

m
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..(23)
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where

Q,=m,h, compressor air inlet

Qf4 :mf4 '(Qzu +hf4_h0) fuel

O y=m, h, water / steam

Q. iy =t-h, cooling air cooler outlet

P, booster power consumption

P =Ps+Q0. +0; shaft power output

Q,,qm,h, external air extraction

O.ilFmm, ;- h, cooling air cooler inlet

O, =(1-n.)m, '(on +h, - ho) radiation and corvection heat losses

Og F Myg Ny turbine exhaust gas

Q.,qm, - h, leakage from the control volume

0, mechanical losses

wherg

m,, | isthe compressor inletmass flow, in kilograms per second;

ha1 is the specific enthalpy of air at temperature 7, entering the compressor, in kilojoules pef kilogram;
mf4 is the fuel.miass flow entering the control volume, in kilograms per second;

o, is the-lower heating value (LHV) of the fuel at 15°C and constant pressure, in kilojoules per kilogram;
hf4 is the specific enthalpy of the fuel at temperature Tf4 entering the heat source (combustion chamber),

in kilojoules per kilogram;

h, is the specific enthalpy of the fuel at 15°C, in kilojoules per kilogram;
m,, is the injected water or steam mass flow entering the control volume, in kilograms per second;

h,, is the specific enthalpy of the injected water or steam mass flow at temperature 7, entering the

control volume, in kilojoules per kilogram; consideration of evaporation of water can lead to negative
values for specific enthalpy
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m,, is the air mass flow to the external cooler leaving and entering the control volume, in kilograms
per second;

h.;, is the specific enthalpy of the air flow from the external cooler at temperature 7, , entering the
control volume, in kilojoules per kilogram;

P, is the cooling air booster power consumption, in kilowatt;

P is the shaft power output of the gas turbine, in kilowatt;

0. Are the generator losses, in kilowatt

Qg  pre the gear box losses, in kilowatt

P, s the electrical output at generator terminals. in kilowatt

m,, s the mass flow of extracted compressor discharge air, in kilograms_per second;

h,, i$ the specific enthalpy of the air at compressor discharge temperature 7, in kilojoulgs per
Kilogram;

N, i$ the combustion chamber efficiency, taken into”account the total radiation and convectiop heat
lpsses

n'ftgg i$ the mass flow of the turbine exhatistgases, in kilograms per second;

hg8 i$ the specific enthalpy of exhaust gases at temperature ng, in kilojoules per kilogram.

m,, is the mass flow ofCsealing and or leakage air leaving the control volume, in kilograms per
gecond;

hae is the specific-enthalpy of air at temperature T, leaking from the control volume, in kilojoules per
Kilogram.

Notes (') Reference temperature to be stated, e. g. 0°C or 15°C.

(2) Station 1 —air inlet and Station 2 — Compressor Inlet may be interchangeable, where applicable.
(3) Station 7 —gas turbine exhaust and Station 8 —Stack exhaust may be interchangeable, where applicable.

(4) me3 can also be determined from a heat exchanger balance.
8.3.3 Compressor inlet air mass flow

The exhaust gas mass flow mgg at turbine outlet is defined as:

=gt kd - i ..(24)
g8 a f4a wd €3 ae
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The Gas Turbine Energy Balance is obtained from Figure 4:

m _-h +m _-|QO +h_ —h |+m -h +m _-h +P =

al al f4 lo f4 0 wd w4 ct3 ctj,Z b (25)
P+m _-h _+m _-h _+\l- -mo - +h . —h |J+m -h +m -h +

s e3 a3 ct3 a3 ntc f4 QlO f4 0 g8 g8 ae ae Qm

By inserting the equation (24) into the equation (25) the following equation for the calculation of the air mass
flow at compressor inlet is obtained:

[ h

[ \
5T , , .
.- +h —h ——— |- \h_—-h |- A\h_—h + \h _—h |+ h —h |-R%P —
14 The LQIO 40y J "4 L 8w J e (a_“a cf3.2) "5 LgS a3 J maek o8 o o) T
c

1 _
¢ hg8 hal

With gquation (24) the turbine exhaust gas flow can be determined.

Other|methods for the determination of the compressor inlet air flow or thetGrbine exhaust gas|flow can also
be us¢d, e.g. based on the energy balance of the coupled HRSG, the oxygen content measurenient in the gas
turbing or the HRSG stack, the direct air flow measurement at the compressor inlet venturi. The|impact of the
uncerfainty of the result depends on the applied method.

8.3.4 | Combustion chamber energy balance

Qo3 A3y Q¢ Ay Q3 P Qr

Tl | vy v *@ /
. 3

Figure 5 — Control volume for combustion chamber energy balance

1 Control volume 5 Compressor
2 Air cooler 6 Gearbox

3 Heat Source 7 Load

4  Turbine
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Combustion chamber energy balance:

Qa3 * Qf4 +Qw4 * Qct3.2 * Pb * Qex - Qct3.1 +Qr +Qg6

.(27)
where
O, = (ma3 - me3)' h,; compressor air outlet
Qf4 :mf4' Qlu+hf4_h0): fuel
Oy =1, R, water / steam
Q. ir =t {0, cooling air cooler outlet
P, cooling air booster power consumption
0. cooling air extraction equivalent
Q.5 =m 5 1h,; cooling air cooler inlet
O, =0-n))-m, '(on +h, - ho) radiation and convection heat losses
Q.6 =My N,  turbineinlet gas
where
m,, is thelcompressor discharge airmass flow, in kilograms per second;
ha3 is the[specific enthalpy of.air at temperature 7, at compressor discharge, in kilojoules per kilogram;
mg6 is the|gas mass flow. entering the turbine, in kilograms per second;
hg6 is thgd mean~specific enthalpy of gases at temperature T‘g6 entering the turbine, in kilojoulgs per
kilogram-

Note: Radiation and convection heat losses for the combustion chamber (or combustion system) are assumed
to be equal to the radiation and convection heat losses for the whole gas turbine system (as in section 8.3.2).

Many gas turbines use turbine cooling air that is not only extracted from compressor discharge but from
different extraction stages of the compressor. In order to simplify the consideration of the compressor a
cooling air extraction equivalent Qg is introduced.

0, =(m, —m,)-h, ..(28)
m, — teow .(29)
! ha3 - hal
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PCOMP = mal ) (haS - hal) - Zmex,i ) (ha3 - hex,i)
i=l1

where

meq

m

ex,i

ex,i

The d
define

md=

The p

Accor

T
b
Gs3

8.3.5

8.3.5.

Gene
physiq
the dg

The d
blade
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..(30)

is the air inlet mass flow of an equivalent compressor without cooling air extraction, but with the same

power consumption as the actual compressor, in kilograms per second;

is the mass flow for air, extracted from the compressor stage /, in kilogram per second

T,.

ex,i

is the specific enthalpy of air at temperature extracted from the compressor stage

per kilogram.

ifference in inlet mass flow m, between the equivalent and the actual compressor, as a
d as:
mal

meq

-1

rameter m, can be set to zero, if the compressor extraction lines shall not be considered

ding to the definition of the ISO turbine inlet temperature (see Clause 3):
e turbine cooling air flows shall be added to the;control volume of the combustion chambe

lance.
s mass flow at turbine inlet equals gas mass flow at turbine outlet.

Turbine inlet gas temperature

| General
ally, gas turbines are designed on the basis of turbine inlet temperature. Direct measu
termination of the turbine inlet temperature is by means of heat balance calculation.

bscribed methodyields to a virtual value of the turbine inlet temperature before the first st
5. |t represents the equivalent mean temperature of an uncooled turbine with the assum

total {urbine cooling air mass flows, including sealing air flows, is mixed with the gas mé

comb
betwe]

istionprior to entering the first stage stationary blades. Thus it takes into account th
en‘the physical turbine inlet temperature (see Figure 6) and the amount of cooling air|

turbin

i, in kilojoules

ratio, can be

(31)

I energy

rement of the

al temperature at the\turbine inlet, however, is in most cases not feasible. Thus, comm@n method for

hge stationary
ption that the
ss flow from
e relationship

-

flows for the

p."The result is a turbine inlet temperature that an uncooled turbine with the same inlet

pressure and

exhaust parameters would have, in order to produce the same power output as the actual turbine.
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1 2 1 2
3] ‘? 3]
X3 3

Figure 6 — Schematic showing the relationship between the turbine inlet gas temperature
and cooling air flows inside the gas turbine

Combustion chamber
Combustion chamber cooling air
Turbine cooling & leakage air
Compressor stage group

Stationary turbine row

oo B~ WN =

Rotating turbine row

Combustion temperatur (flame temperature)
Turbine inlet temperature in front of 1% stationary row (TIT)

Firing teMperature (in front of 1* rotating row (RIT)

> onOdo

Turbihe inlet temperature according to this code

52 © 1SO 2009 — Al rights reserved


https://standardsiso.com/api/?name=ffee01ae2ae1e0259fd7da4d8cc8e250

ISO 2314:2009(E)

Table 11 — Different definitions of the turbine inlet gas temperature

General: = My ®h,; + m_/z.; ®7 ..(Qlo +hp,—hy)
My + M,

Combustion (flame) temperature: maz. = mal - mCA,T - mCA,CC
Temperature in front of 1st stationary row (TIT): ma3 = mal - mCA,T
(Firing) temperature in front of 1st rotating row (RIT): My3 = Mgy =My + Moy 15y
Temperature according to ISO 2314: ma3 = mal
m, compressor inlet air mass flow n'1f4 fuel mass flow
71'103 combustion chamber inlet air mass flow hg6 specific enthalpy at turbine inlet
mCA’T total turbine cooling air mass flow h,;  specific enthalpy at€ombustion chambgr inlet
Myl cooling air mass flow for 1% turbine vanerow | O, net specific energy of the fuel (LHV)
Mcy|-c combustion chamber cooling air mass flow hf4 specificcenthalpy of the fuel
n,. combustion chamber efficiency ho spéecific enthalpy of the fuel at reference temperature

Table|11 shows the different definitions of turbipe inlet gas temperature as used by the manufacturer of the
gas turbines.

For tHis purpose the energy balances of the whole gas turbine (Figure 4) and of the combustion chamber
(Figure 5) shall be used.

The gelected configuration can.'only serve as an example. In order to enable a simple adaptation of the
balan¢es to the actual gas_turbine configuration, the scheme contains special features as gynonyms for
certain kinds of energy and ‘mass flows that cross the border of the control volume, e.g. an extefnal air cooler
(thermpal energy), a cogling air booster (mechanical energy), air extraction or water injection (mass flow
changes).

Table[11 shows_allenergy flows entering and leaving the chosen control volume. Additionally it s shown how
the erfergy flows ¢an be deducted from measured or specified values.

In a fifst.Step the energy balance of the whole gas turbine is used to determine the compressor|inlet air mass
flow. Thelresult of this calculation can directly be used for the equation being derived out of the combustion
chamber balance, which leads to the mean specific enthalpy at the turbine inlet. Depending on the gas
composition and with the help of gas property tables the final result then is the ISO turbine inlet gas
temperature.

As many gas turbines use air extractions before the compressor discharge in order to cool turbine parts, a
simplification is necessary, if the balances still shall be used without knowing all necessary cooling air flows,
e.g. from measurements. For this purpose a value my is introduced. To define it, the following assumption is
made: A compressor without air extraction, but with the same power consumption as the actual compressor,

would have an air inlet mass flow meq. As defined in equation (31), 1, is the relative difference between
actual and the equivalent compressor inlet mass flow.
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8.3.5.2 ISO turbine inlet gas temperature

The combusti

(ma3 _me3)' ha3 + mf4 '(Qlo + hf4 - ho)"" mw4 'hw4 + mc:3 'has.z + By + (mal _meq)' h
it 3+ by + (1

on chamber energy balance from equation (27) can be written as follows:

al —

_Utc)'mﬂ '(on + hf4 _h0)+mg6 'hgé

(32)

(33)

with
mo_=m
a3 eq
mo=m .+
g6 al

the calculatio
into equation

m -h
al a

.f4

n of the ISO turbine inlet gas temperature can be obtained by inserting eqtations (33) an
32):

+m

b~k )= R+ - j (h —h )+' N +h,,—h)+P
eq (a3 al) "3 a3 s Mwa e Vs T ezt g (0 + 1y~ 1) b

h
g6

The temperat
In general, tH
temperature 4
vapours. Theg
bibliography,

VDI 4670 (20
JANAF (1985
NASA (1994)
ASME PTCA4.
Landolt & Bon

The choice o
mentioned as

-m _—m
e3 ae

+m +m
f4 w

m
a

ire Tge depends on hge and the composition of the exhaust gas.

e specific enthalpy of the air and the combustion-gases can be calculated as a funcf
nd composition, using the tables of gas property*data for the pure component gases and
most important references for the gas ptoperty data, that it is possible to found

Bre:

D3)

1(1981)
hstein (1967/1977)) or later date of publishing.

f the gas(property data is in the responsibility of the gas turbine manufacturer and sho
a reference with the performance data.

.1(34)

d (34)

.|(35)

ion of
water
n the

ild be
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The test report shall present sufficient information to demonstrate that all the objectives of the tests have been
attained. The form of the reports shall follow the general outline given below. The title page shall present the
following information:

a)
b)

c)

report number or other reference;
date(s) of the test;

title of the test;

d)
e)
f)

g)

The table of contents shall list the major subdivisions of the report..The summary shall pres

object
a)
b)
c)
d)

e)

f)
)]
h)

Inforni

location of the test;
engine designation and unit identification
author(s) of report

date of report

object of test, guarantee and stipulated agreements;

special agreements made regarding any major deviation from agreed test procedure;
correction factors to be applied because of deviations, if any, of test conditions from those
where applicable, detailed calculation of fuel properties and fuel flow rates;

detailed calculation of test result§ corrected to specified conditions if test operating co
deviated from those specified;

discussion of test, its results_.and conclusions;
where applicable, measurement uncertainty calculation

any other information the parties to the test agree to include

ation'which may be omitted if already made available to all parties to the test:

ent briefly the

. results and conclusions of the test. The detailed report shalinelude the following information:

specified;

nditions have

instrumentation calibration results from Is\hnrnfnrine’ certification from anll'FQr‘flll‘ﬂl‘Q;

description of equipment, instruments and their location;
summary of relevant measurements and observations;
where applicable, results of fuel analyses;

details of calculation procedures;

parties / persons attending the tests
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Annex A
(informative)

Uncertainty

A.1 Introduction

It is an undisputed fact that the true value of a physical quantity determined by measurement is never known,

that is, regandless of the measurement method, procedure or instrumentation, all measurement-ipclude

imperfections
value, the res
the resultis o

The evaluatio

approach of
standards.

A.2 Gener

that give rise to an error in the result. Because of the lack of exact knowledge of a(mead
ult therefore can only be an approximation or estimate of the value of the measurand an
nly complete when accompanied with its uncertainty.

h of the uncertainties of the gas turbine performance test results is based onthe concept a

al principles of measurement uncertainty analysis

Traditionally the uncertainty of the result of a measurement is viewed.as having two error componen

random error
measurand, 4
observations.

which presumably arises from unpredictable, stochastic'temporal and spatial variations
nd the systematic error or bias, considered as constaft in magnitude and direction for ref

This approach of categorizing errors can be ambiguous bec¢ause, depending on how an error quantity a

in a mathem
systematic cq
is to categori
themselves.

The two grou

mponent and vice versa. Therefore, tosavoid such ambiguity, the concept in ISO/IEC Guid
re the uncertainty components by thé-methods of their evaluation rather than the compg

ps of uncertainty components are:

A: those, which are evaluated by “statistical analysis of series of observations “Type A Evaluaf
Uncertainty”

B: those, Which are evaluated by means other than statistical analysis “Type B Evaluation of Uncerta

A.2.1 Type [A evaluation of uncertainty

For the unce
series of n s

tainty calculation of a test result, the Type A uncertainty component is calculated based
bmplereadings of the random variable quantity g with the experimental standard devia

sured
d thus

nd the

expressing uncertainties as suggested in the ISO/IEC Guide 98-3 and related international

s, the
of the
eated

pears

btical model that describes the measurement process, a random component may become a

e 98-3
nents

jon of

inty”

on a
ion of

g1

given as
~J

the mean s(¢
— S(qk)
s(q) =
Jn
with

s(qy,) asthe

s(q)? =

n-1

56

positive square root of the variance S(qk)2 which is

n }2

b
k=1

[qk—q

(A1)

(A.2)
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the individual observation of a variable input quantity

q is the arithmetic mean or average of n observations

314:2009(E)

In this case the random variable ¢ with v =n —1 degrees of freedom is considered normally distributed
according to the probability density function of Laplace-Gauss, also termed t-distribution or Student's

distribution.

Then the standard uncertainty u(x;)of the estimate x; = y; of the input quantity X ; is u(x;)
s(}l- 2 calculated according to equation (A2).

A.2.2] Type B evaluation of uncertainty

The Tlype B component of the uncertainty calculation is based on the data“provided in calibr
certifi¢ates, such as manufacturer specifications, of the test instruments and devices.

If, for
the n
U =

and th

by mJ
norma

example, the numerical result of the calibration of a quantity <X)is reported as X = x £ [
Iimerical value of the output estimate and U is the numerical value of the expandg
€1, equation (AB), with U determined from the combined standard uncertainty ¢ . of

e coverage factor &, then the Type B standard ungertainty U(xl‘) is simply the quoted val

Itiplier k. In case where no further information about the latter factor is provided, one ma

covergqge factork = 2.

A.2.3

The ¢

Combined standard uncertainty

pmbined standard uncertainty uc(y) of a measurement result is an estimated standard

= s(x ;) with

ation or other

[, where X is
d uncertainty
equation (A3)
ue U divided

assume that

| distribution was used to calculate the uncertainty corresponding to a 95% level of confidence with a

deviation and

charagterizes the dispersion of thé values that could reasonably be attributed to the measlirand Y . For
uncorfelated input quantities_if is the positive square root of the combined variance ucz(y) obtained by The
Law of Propagation of Uneertainty, in common parlance the RSS (root-sum-of-squares) method,|calculated as
follows:
2ty XY 1P
ue )= [ } uw?(xi) (A-3)
oy | O x;
=1 1
and forcorrefated-inputquantities
N N
2 o of
Uc (J’)Z PP M(xl',xj)
i=1;j=19%i 9x
5 (A.4)
N1 o N-1 N 55 5
e D T
i=1L9xi i=1 j=i+19%Xi 9Xj
where x; and X j are the estimates of the measurands X ; and Xj
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and

’”(xi,xj) is the correlation coefficient which characterizes the degree of correlation between x; and X

with —=1<r(x; xj) < +1. For independent estimates x; and Xj r(x; xj) =0.

The combined standard uncertainty allows combining the individual standard uncertainties #(x;), whether
arising from the Type A evaluation of uncertainty or Type B evaluation of uncertainty.

The partial derivatives 0f /0 x; of the function y = f(x;), often referred to as sensitivity coefficients, are

either mathe

change (Ay)

of _ (4y)
Oxj Axi
A.2.4 Deter

The expande
encompassin

U:k-u(xl-

In practice, a
and for degre

mining expanded uncertainty

bs of freedom v > 30.

of the output estimate y with varying the input estimates at the expected x; with

dlcCdlly determined Dy derivating ) 10r eacl INnput estiimate X or numerically Dy Calcuiating the

(A.5)

0 uncertainty U, which is a measure that defines the intervafabout the measurement|result
j a large fraction of the measured values with a defined devel of confidence, is obtained by
multiplying thé standard uncertainty u(xi) with a coverage factor & :

(A.6)

coverage factor k = 2 is frequently applied for’a level of confidence of 95% (exactly 95.45%)
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The uncertainty calculation procedure is illustrated with the following example of a performance test on a
simple gas turbine. The variables used for the determination of the uncertainties of the corrected power output,
thermal efficiency and turbine exhaust gas energy shall be defined through the test boundary as shown in the
following figure A.1.

TanPaRHa Ve TeuPeu Qoo Tg  Pescosyf
A A

. r - /;¢-—//(f+ 1 a,
! Y ! Qm
[ ° | &
| |

| A l

| |

| Y |

I \ ‘/ |

I 2 b g I

I =Y 4t =13 i

| |

|

o A WN =

Figure A.1 — Test boundary example

Air filter
Compressor
Combustor
Turbine
Generator

Test Boundary
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Table A.1 — Variables

Symbol Measurand Remarks
T Ambient air temperature - variable for correction factors
al P - average of at least four temperature sensors-
Pa Barometric pressure - variable for correction factors
RH , Ambient air relative humidity - variable for correction factors
;I IlJut vdl ;Gb:U fUI dUtUI LIL I;I IGt;UI 1 Uf qu: hUat
Vg Fuel gas volume flow consumption
- measured with turbine type flow meter
T, Fuel gas temperature - input varlgble for determination of fuel gas dens|ty
U and sensible heat
Pra Fuel gas pressure - input variable for determination_of fuel gas densjty
- input variable for determination of fuel heat
o, Lower heating value of fuel gas consumption
- based on molar fuel*eomposition-
Tg7 Turbine exhaust temperature - variable for correction of exhaust energy
p Active power outout - input variable for power, thermal efficiency and
€9 P P exhaust energy
cos @ Generator power factor - variable for correction factors
f Gas turbine speed - variable for correction factors
0, Thermal heat losses - input variable for determination of exhaust energy
0, Mechanical losses - input variable for determination of exhaust energy
O; Generator losses - input variable for determination of exhaust energy
The following|assumptions apply for the example calculation:
Correlation qf variables:

Where multiple instruments are used to measure a variable, such as the ambient temperature, those
instruments are calibrated against one reference standard and therefore are correlated with correlation
coefficient +1. Hence the type B uncertainty of the average temperature, calculated from the individual
measured temperatures, is equal to uncertainty from calibration.

Coverage factor of type A and B uncertainty:

The type A uncertainties from statistical analysis of measured data as well as the type B uncertainties from
calibration are based on a coverage factor of 2 corresponding to a level of confidence of 95 %.
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A.3.1 Uncertainty of power

The corrected power output is determined with the basic equation (12) as follows:

Pe9,c=Pe9m CpP1CP2Cp3-Cp4a-Cps (A7)
where

Pe9.m is the measured power output

C p I Hp—sthe-powercorrectionfactor-forambient presstre

cpa= f(Tal) is the power correction factor for ambient temperature

Cp3= f(RHal) is the power correction factor for relative air humidity
C P4= f (COS(P) is the power correction factor for generator power factor

Ccp4= () is the power correction factor for gas turbine-speed

Measliring the total power of three phases at the secondary side of the instrument transformers the equation
(1) cap be simplified with:

Pe9 jn=Vs-I5-cos, K, K, =Pe9 s K, K] (A.8)
wherg
Pe9,ins is the measured active power output at the secondary side of the instrument transformers

Equatjon (A.7) can be rewritten:

Pe9 ¢ =Pe9ms Ky K- Cp1:Cp2-Cp3:Cp4a-Cpjs (A.9)

The cpmbined standard uncertainty of the measured and corrected power output is then determined based on
the lay of propagatienof uncertainty according to equation A.4 as follows:

2 2 2
oP oP oP
> Ije9,c 'U(Pe9,ms)'—l "‘[ eg’c'U(KV)—‘ ‘{ 829’6'(](1(])—' 1

{_
Jr'—/LUI_aPDQ,m(' -]_] L 8KV | [ J |
U (Pe9,c) = 5 (A.10)
D) { €.y pl)}
. A
i=1j=4,B| OCP,i

where

U(Peg ms)j are the type A and B uncertainties of the measured power from measurement data and

instrument calibration certificate respectively.

U(K V) is the type B uncertainty of the voltage transformer from shop test
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U(K[) is the type B uncertainty of the current transformer from shop test

U(Cp i)‘ are the type A and B uncertainties of the correction variables ambient temperature, pressure,
J

humidity, generator power factor and turbine speed and the partial derivatives or sensitivity
coefficients are

oP
ﬂ determined mathematically by deriving the power P for the measured power Pgg s
OP 9 ms
O0Pe9,c - - — - —
—_— Hetermined mathematically by deriving the power Py . for the instrument transformer ratio Ky
oKy, I

and K,

0P ¢9 ¢ . , - . . e -
—_— Hetermined by numerical variation of the correction variables (the sensitivity coefficients are¢
ocp;

equal to the slope of the correction curve)

A numerical example of the uncertainty calculation for power output is given/n Table A.2.

A.3.2 Unceftainty of efficiency

The corrected thermal efficiency, is according to equation (13)

Ne =My Ch2Cn3 Cne Cns A1)
where

Mm is the measured/calculated‘thermal efficiency

C’7,2 = f(Ta 1 ) is the efficiency correction factor for ambient temperature

C’7:3 = f(RHal) is the efficiengy correction factor for relative air humidity
CTL4 =f (ccs(P) is thesefficiency correction factor for generator power factor

Cns5= f ( f is the efficiency correction factor for gas turbine speed

and is transformed with equation (3), (5) and (6) as follows

Pe9,c Peo.m
ne= = : > -C ’2'C ,3'C ’4'C 5 (A.12)
0 r4e tfamQptep raltfam—tro) A TIAT

where

mf4,m is the measured fuel mass flow

Qlo is the lower heating value of the fuel
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T+

(A.13)

tivities on the

e Qlo

pefficients are

bles are

cp,f4 is the specific heat capacity of the fuel
Tf4m is the measured fuel temperature at test boundary
T £0 is the reference fuel temperature at test boundary
The uncertainty of the measured and corrected thermal efficiency is as follows
| [ o 12 L o0 2o
o7 c o7 C . o7 C
2 7'U(Pe9,m)j X 'U(mf4,m) A ulog,
j=A,B| OPe9,m j=A,B| Om f4m J Olo
U(UC = 2
5 on,
> T vlcy.),
i=1 j=A,B| 9Cn,i J
The input variables Ty, and ¢, are neglected in the uncertainty analysis because their sens
thermal efficiency are less than 0.01%.
The phrtial derivatives or sensitivity coefficients are
onl.
determined mathematically by deriving theefficiency ¢ for the power Peg ,
OPe9 m
o . . ) .
1 determined mathematically by deriving the efficiency n¢ for the fuel flow myg, ,
8mf 4.m
M, . . - . .
' determined mathematically by deriving the efficiency n¢ for the lower heating val
Q14
g . . - . . o
- determined by numerical variation of the correction variables (the sensitivity ¢
equal to the slope of the correction curve) and the uncertainties of the input varig
U(Pég m)j are the type A and B uncertainties of the measured power
U(Qlo) is the type B uncertainty of the lower heating value

generator power factor and turbine speed

U(mf4,m)j are the type A and B uncertainties of the measured fuel flow. These uncertai

are the type A and B uncertainties of the correction variables ambient temperature, humidity,

nties shall be

determined individually considering the type of fuel and the flow meter. The following example
calculation is based on fuel gas flow measured with a turbine type flow meter according to

ISO 9951.

© 1SO 2009 — All rights reserved

63


https://standardsiso.com/api/?name=ffee01ae2ae1e0259fd7da4d8cc8e250

ISO 2314:2009(E)

My, = f(\'/ﬂ,m, Prams T o 84S composition): Viam Pram (A.14)
The above equation can be rewritten by resolving the density with the gas law for real gases

N
Pram

Megm =Vriam: 7 R-T 'zxi M, (A.15)
f4,m f4,m i=1

where

Vf4,m is themeasured volume flow rate

Dfam is the measured fuel gas pressure

Tf4,m is the measured fuel gas temperature

Z r4m i$ the compression factor
R i$ the molar gas constant
M i$ the molar mass
b i$ the mol fraction

The uncertainty of the mass flow rate is then determined as follows:

- 2 2
> M'U(\)f4m). N amf4mU(Pf4m) +
j=A,B| O f4,m L =4,B| P fam
U(mf4,m)= ] ; ) , A.16)
O f 4, m onm f4,m N 6n’1f m o
jz%l,B_an4,m U(Tf4,m)j} +[aZf4,m (Zf4 m)} zzl{a(x M, )U(xl M, )}

The numerical calculation method is recommended for the determination of the sensitivity coefficignts of
above equatign.

The uncertainties of the Variables

U(‘}f4,m) gre-the type A and B uncertainties of the measured volume flow rate

U(pf4,m) are the type A and B uncertainties of the measured gas pressure

=

(Tf4,m) are the type A and B uncertainties of the measured gas temperature

=

(Zf4,m) is the type B uncertainty of the compression factor

U(xi'Mi) is the type B uncertainty of the molar mass
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A numerical example of the uncertainty calculation for the fuel mass flow and the thermal efficiency is given in
Table A.3 and A.4 respectively.

A.3.3 Uncertainty of turbine exhaust gas energy

The equation for the corrected turbine exhaust energy, based on equation (16) and (19) is as follows:

Note In this example the thermal energy from the injection fluid (steam or water) is not included.
N ) (T g7,6-T0)
Qg7 cT0= (Pe9,c( B 2T € 2271 — (A17)
N Te Tt gTc Tall
and with the basic equation (13) for the corrected thermal efficiency
P
e9,c
e =1~ (A.18)
Qf4,c
equatijon A.17 can be written as
(Tg7 <70/
Qg7le,70= (Qf 4, —Pe9,c—Qm—QG—ch)—’ (A.19)
with the corresponding uncertainty
2 2 2
00¢7.¢,T0 00¢7.¢,T0 Qg7,c,T0
Rt o, O )] [ ST ]
00 £4.¢ ’ My OPe9,c
Uu\o = ’ (A.20)
g7,¢,T0
20 2
g7,c,T0‘U(T )
g7,cl;
j:A!B aTg7’c J
The Uncertainty terms_of the input variables Qy,, Q. and Qg are neglected for the uncertainty propagation
because their sensitivity coefficients are smaller than 0.01%. The remaining sensitivity coefficients in above
equatijon A.20.aré equal to 1.
The cprrected fuel heat consumption Qy., from equation A.12 is

Pe9 ¢
OQr4c= (A.21)

C

and the corresponding uncertainty U(Qy.) is

2
_ 0 rac
U(Qf4,c)— jzél,B M'U(Pe%c)j +aﬂc'U(’7c)j (A.22)
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with

U(Pe9,c) from equation A.10

U(;yc) from equation A.13

Table A.5 shows a numerical example of the uncertainty calculation for the exhaust gas energy

A.3.4 Numerical example of uncertainty calculation

Table A.2 — Uncertainty analysis of measured and corrected electrical power output
Type B Type A Sensitivity
VVariable Symbol Uncertainty | Uncertainty | Coefficient Remarks
Us Ua SC Us x SC Uax SC
1 Measured Pqwer Output Pe9,m.v +0,20 % +0,018 % 1,000 %/% +0,200 % +0,018 %
2 Voltage Trangformation Ratio KV +0,20 % 1,000 %/% + 0,200 %
3 Current Trangformation Ratio Kl +0,20 % 1,000 %/% +0,200 %
4 | Sub-Total U 1369‘”1) of Measured Power +0,35% +0,.02 % root-sum of squargs (1-3)
5 | Ambient Pregsure Correction CP,1 +0,05 % + 0,003 % 1,000 %/% [4'0,050 % + 0,003 %
6 Ambient Ten]perature Correction CP’2 +0,20K +0,020 K 0,600 %/K +0,120 % +0,012 %
7 Ambient Hunpidity Correction CP’3 +2,00 % +0,060 % 0,008 %/% +0,016 % + 0,000 %
8 General Power Factor Correction CP‘4 +0,20 % 0,013 %/% | +0,003 %
9 Turbine Spegd Correction CP‘5 +0,25 % 0,500%/% +0,125 %
10 | Sub-Total U Pew) of Corrected Power +0,39 % +0,02 % root-sum of squards (4-9)
11 | Combined Uncertainty U( Pe9,c) of Corrected Power Qutput +0,39 %
Table A.3.=Uncertainty analysis of measured fuel gas mass flow
Type B Type A Sensitivity
VVariable Symbol Uncertainty | Uncertainty | Coefficient Remarks
Us Ua SC Ug xSC Uax SC
12 | Measured Vglume,Flow Rate ‘.}f4,m +0,30 % + 0,040 % 1,000 %/% | + 0,300 % + 0,040 %
13 | Fuel Gas Pressure pf4,m +0,25 % +0,030 % 1,000 %/% +0,250 % +0,030 %
14 | Fuel Gas Temperature n'/zj am +0,20K +0,020 K 0,350 %/K +0,070 % +0,007 %
15 | Compression Factor Zf4,m +0,10 % 1,000 %/% +0,100 %
16 | Molar Gas Mass M +0,30 % 0,800 %/% | + 0,240 %
17 | Sub-Total U( mf4m ) of Measured Fuel Mass Flow £0,47 % +0,05 % E?EES;)m of squares
18 | Combined Uncertainty U( mf4m ) of Measured Fuel Mass Flow +0,48 %
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Table A.4 — Uncertainty analysis of corrected thermal efficiency

Type B Type A Sensitivity
Variable Symbol Uncertainty | Uncertainty | Coefficient Remarks
Us Ua SC Ug x SC Uax SC
Sub-Total U(Pegm) from
19 | Measured Power Output Pe9,m +0,35% +0,018% | 1,000 %/% |+0,346% | +0,018 % Table A.2 (4) em
. Sub-Total U(m¢ym) from
20 | Measured Fuel Mass Flow m‘mm +0,47 % + 0,050 % 1,000 %/% | +0,474 % | +0,050 % Table A.3 (17)
21 | Lower Heating Value Qlo +0,50 % 1,000 %/% | + 0,500 %
22 ’A bisnt Tamparahura Correction. ral = S n’on K L nynon K “," 600 LK S n’nqo 9, s nynn'z 0,
7,
23 | Ambient Humidity Correction Cfl 3 +2,00 % +0,060% | 0,002 %/% |+0,004% |+0,000%
Gegnerator Power Factor
24 | CF ection Cm 4 |£020% 0,013 %/% |+ 0,003 %
25 TLIrbine Speed Correction Cﬂ 5 +0,25 % 0,100 %/% | + 0,025 %
26 Slnb-TotaI U( 1, )of Corrected Thermal Efficiency +0,77 % £1,.05 % | root-sum of squares (19-25)
27 | Cpmbined Uncertainty U(m ) of Corrected Thermal Efficiency 0,77 %
Table A.5 — Uncertainty analysis of corrected exhaust gas energy
Type B TypeA Sensitivity
Variable Symbol Uncertainty | Uncertainty | Coefficient Remarks
Us Ua SC Ug x SC Uax SC
Sub-Total U(Reg,c) from
28 | Cqrrected Power Output Peg’p +0,39 % +0,022% |1,000%/% |+0,391% |+0,022% Table A.2 (10 9.6
RSS from Table A.2 (10) and
29 | Cqrrected Heat Input of Fuel Q“,U + 0;87 % +0,06 % 1,000 %/% |+ 0,866 % + 0,058 % Table A.4 (26
30 | Cgmbustion Efficiency b +0,02 % 1,000 %/% | +0,020 %
31 | Cqrrected Exhaust Temperature Tg7 . +5,00 K +0,020 K 0,010%/K + 0,050 % + 0,000 %
32 | Syb-Total U( Qg7 70 ) of Corfected Exhaust Energy +0,95 % +0,06 % | root-sum of squares (28-31)
33 +0,95 %

C¢mbined Uncertainty U( Qg7 B TO) of Corrected Exhaust Energy
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Annex B
(informative)

Example calculation of exhaust mass flow rate
and turbine inlet temperature energy balance calculation

The sheet INPUT/OUTPUT is the main sheet; for most cases this is the only sheet required. Intermediate
calculations are on the other worksheets.

The method ysed for the intermediate calculation is not mandatory. It has been assumed a negligible impact
of pressure gn specific Enthalpy of Air, Flue gas and sensible Heat of the Fuel Gas.

The temperatlire effect on specific Heat of the Fuel Oil has been ignored.

This workbook could be adapted by the user to create an informal computerized analysis)program.
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