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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The fol

lowing

information is based on that document and is included here for emphasis and for the convenience of the user of the
Code. It is expected that the Code user is fully cognizant of Sections 1 and 3 of ASME PTC 1 and has read them prior

to applylng thls Code ]

nsistent

with the best engmeermg knowledge and practice currently avallable They were developed by balanced committees
refJresenting all concerned interests and specify procedures, instrumentation, equipment-operating. téquir¢ments,

calfulation methods, and uncertainty analysis.

Vhen tests are run in accordance with a Code, the test results themselves, without adjustment for tihcertain
thgbest available indication of the actual performance of the tested equipment. ASME Performance Test Code
spdgcify means to compare those results to contractual guarantees. Therefore, it is recommefided that the par
commercial test agree before starting the test and preferably before signing the contract en‘the method to be t

y, yield
do not
ies to a
sed for

compparing the test results to the contractual guarantees. It is beyond the scope of anyyCode to determine or ifterpret

how such comparisons shall be made.



https://asmenormdoc.com/api2/?name=ASME PTC 47.4 2015.pdf

FOREWORD

ASME Performance Test Codes (PTCs) have been developed and have long existed for determining the performance
of most major components used in electric power production facilities. A PTC has heretofore not existed to determine
rall performance of an integrated gasification combined cycle (IGCC) power generation plant. The ability to fire
range of fuels has been a key advantage of gas turbmes over competmg technolog1es Untll recently, the tradi-

the ove
a wide
tional f
siderati
(e.g., cO
of ash,

approvp

power
held in
eral int

The €

and pr(

This
approv|
Review

blant performance of gasification power generation plants. The organizational meeting of thisc<Committee Was
November 1993. The resulting Committee included experienced and qualified users, mafufacturers, and gen-
brest personnel.

lommittee has striven to develop an objective code that addresses the multiple needsforexplicit testing methpds
cedures, while attempting to provide maximum flexibility in recognition of the wide/range of plant designs
Code was approved by the PTC 47 Committee and the PTC Standards Committee.on February 3,2015. It was then
bd as an American National Standard by the America National Standards Institute (ANSI) Board of Standajrds
on May 22, 2015.

vi
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME Codes are developed and maintained with the intent to represent the consensus of concerned
interests. As such, users of this Code may interact with the Committee by requesting interpretations, proposing revi-

sions o

ra Case _and ;\ffpnding Committee mpph'ngq Fnrrpcpnndpnnp should be addressed ta-

Propgsing Revisions. Revisions are made periodically to the Code to incorporate changesthat appear necessary

desirab)
publish
The
citing t
includi

Propgsing a Case. Cases may be issued for the purpose of providing alternative rules when justified, to per

early in
provisi
page.
Requ
the Coqd
as exist
Case af

Interpretations. Upon request, the PTC Standards Committee will render an interpretation of any requirem

of the (
Standa

The flequest for interpretation should be cleatrahd unambiguous. It is further recommended that the inquirer s

mit his

Subject

Edition}:

Questi

Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990

http:/ /go.asme.org/Inquiry

le, as demonstrated by the experience gained from the application of the Code. Approved revisions will
ed periodically.
Committee welcomes proposals for revisions to this Code. Such proposals shejild be as specific as possil
he paragraph number(s), the proposed wording, and a detailed description’of the reasons for the propo
hg any pertinent documentation.

hplementation of an approved revision when the need is urgent,-0r to provide rules not covered by exist|
bns. Cases are effective immediately upon ASME approval and shall be posted on the ASME Committee W

ests for Cases shall provide a Statement of Need and Background Information. The request should iden

ng Cases. Requests for Cases should also indicate the'applicable edition(s) of the Code to which the propo:
plies.

Code. Interpretations can only be rendered inl\response to a written request sent to the Secretary of the B
ds Committee at go.asme.org/Inquiry.

her request in the following format:

Cite the applicable paragraph number(s) and the topic of the inquiry.
Cite the applicable edition of the Code for which the interpretation is being requested.

n: Phrase the question as a request for an interpretation of a specific requirement suitable for gene
understanding and use, not as a request for an approval of a proprietary design or situation.

The inquiret may also include any plans or drawings that are necessary to explain the question;
howeVer, they should not contain proprietary names or information.

Requ
which

AS
affect

ests that-are not in this format will be rewritten in this format by the Committee prior to being answer
ay inadvértently change the intent of the original request.
procedures provide for reconsideration of any interpretation when or if additional information that mi
interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cogniz

or

be

ble,
bal,

mit

ng
Veb

ify

le and the paragraph, figure, or table number(s), and be&wtitten as a Question and Reply in the same format

bed

ed,

bht
Ant

ASME Committee or Subcommittee. ASME does not “approve,” ~certify,” "rate,” or “endorse” any item, construc-

tion, pr

oprietary device, or activity.

Attending Committee Meetings. The PTC Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Persons wishing to attend any meeting and/or telephone conference should contact
the Secretary of the PTC Standards Committee. Future Committee meeting dates and locations can be found on the
Committee Page at go.asme.org/PTCcommittee.
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'his Code describes testing procedures for the IGCC power block and is part of the following set of-related|
1) ASME PTC 47, Integrated Gasification Combined Cycle Power Generation Plants, for testing, the’overd
formance on an IGCC plant.

p) ASME PTC 47.1, Cryogenic Air Separation Unit, for testing the performance of the air separation unit (4
physical IGCC plant includes an ASU, the inclusion of the ASU within the overall test efivelope is recomi]
not required.

r) ASME PTC 47.2, Gasification System, for testing the thermal performance of the combined gasifier and

hning equipment.

1) ASME PTC 47.3, Fuel Gas Cleaning, for testing the contaminant content of gas delivered to the power

rmal performance of the gas turbine combined cycle power block.

TE: ASME PTC 47.1, ASME PTC 47.2, and ASME PTC 47.3 are in the course of preparation.

115 recommended that overall plant and subsystems be tested sepdrately, not simultaneously, to accommod
bo

ndary constraints and valve isolations and lineups that may beneeded for subsystem testing. In highly int
"C plants, the entire plant may need to be operating during ‘a subsystem test, even though the only perfo
ameters being measured are those of the subsystem.
[est results can be used as defined by a contract to determine the fulfillment of contract guarantees. Tesf
also be used by a plant owner to compare plant performance to a design number, or to trend plant perfol
nges in time. However, the results of a test conduicted in accordance with this Code will not provide a b
nparing the thermoeconomic effectiveness of different plant designs.

Codes:
11 plant

A\SU). If
hended

uel gas

block.

) ASME PTC 47.4, Power Block of an Integrated Gasification Combined~Cycle Power Plant, for tesing the

ate any
porated
Fmance

results
Frmance
asis for
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ASME PTC 47.4-2015

POWER BLOCK OF AN INTEGRATED GASIFICATION
COMBINED CYCLE POWER PLANT

1-1 OBJECT

The object of this Code is to provide uniform test
methods and procedures for the determination of the
thgrmal performance and electrical output of an inte-
grdted gasification combined cycle IGCC) power block.
1) This Code provides explicit procedures for the
defermination of the following performance results:

(1) corrected net power

(2) corrected net heat rate

(3) corrected heat input
p) Tests may be designed to satisfy different goals,
induding
(1) specified disposition
(2) specified net corrected power
(3) specified net power

1-2 SCOPE

This Code applies to combined ¢ycle power plants
(pqwer blocks) that operate in conjunction with a gasi-
ficgtion plant, an IGCC powerplant, or an IGCC cogen-
eration plant. This Code does not apply to power blocks
otHer than those associatedywith IGCC plants.

his Code is applicableto the combined cycle power
black of IGCC power\plants, whereas ASME PTC 46 is
applicable to conwventional combined cycles. The ther-
mall streams and.corrections in ASME PTC 46 for con-
ventional eémbined cycles are normally limited to gas
or [liquid.Rydrocarbon fuel input and steam or water
ingut. BTTASME PTC 47 4, test measurements and associ-
atef corrections are needed to address multiple thermal

Section 1
Object and Scope

1-3 UNCERTAINTY

The explicit measuremént methods and progedures
to be used for the poewer block of an IGCC haye been
developed to provide guidelines for test procedufres that
yield results of<the highest level of accuracy bgsed on
current engineering knowledge, taking into account test
costs and‘the value of information obtained from testing.
The calculation of test uncertainty shall be perfogymed in
accordance with ASME PTC 19.1 and as outlined in this
Code.

Because of the diverse range of integration| of the
power block with the gasification block and the afir sepa-
ration unit block, the test results will have differpnt lev-
els of uncertainty.

A pretest uncertainty analysis shall be perfoqmed to
establish the expected level of uncertainties for the test.
Most tests conducted in accordance with this Cqde will
result in uncertainties that are lower than those| shown
in Table 1-3-1. A post-test uncertainty analysis|is also
required to validate the test.

The largest expected overall test uncertainfies are
given in Table 1-3-1. These values are not target§. A pri-
mary philosophy underlying this Code is that thq lowest
achievable uncertainty is in the best interest of al] parties
to the test. Deviations from the methods recomrpended
in this Code are acceptable only if it can be demonjstrated
they provide equal or lower uncertainty.

Table 1-3-1 Largest Expected Test Uncertpinty

streams such as heated hydrocarbon syngas fuel input,
water and steam inputs from gasification process units,
nitrogen input from the air separation plant, and air
extraction to the air separation plant.

Emissions tests, operational demonstration tests, and
reliability tests are outside the scope of this Code.

Test Result Test Uncertainty
Corrected net power 1.0%
Corrected heat rate 1.5%
Corrected heat input 1.5%
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Section 2
Definitions and Descriptions of Terms

he definitions in subsection 2-2 are specific to ASME

47.4. The terms and values of physical constants
conversion factors common to equipment testing
analysis are defined in ASME PTC 2.

PT
an
an

2-2 DEFINITIONS

accpptance test: the evaluating action(s) to determine if a
ney or modified piece of equipment satisfactorily meets
its [performance criteria, permitting the purchaser to
“adcept” it from the supplier.

accpiracy: the closeness of agreement between a meas-
urgd value and the true value.

air| inlet: air crossing the test boundary and entering
poer plant equipment. Because of local effects, the
prdperties of inlet air may not be the same as the proper-
tieg of ambient air.

ambpient temperature: static dry bulb temperature con-
sidered to be site specific and monitored at mutually
agteed-upon location(s) inside the boundary.

auxiliary power: electrical power consumed- by equip-
ment in an IGCC power block plant during normal
ope¢ration of the power plant. This power consumption
is gubtracted from the gross powertoutput, measured
at the gas and steam turbine génerators’ terminals, to
obfain net power block output. Depending on the con-
traftual agreement, auxilidry) power can include com-
mgn supply and/or the intérmittent power, such as that
for|water treatment, HVAC, and lighting.

biag error: see errox, systematic.

calbration: the'process of comparing the response of an
insfrument(tora standard instrument over some meas-
urgmentirange and adjusting the instrument, if appro-
pripte, t©'match the standard.

- the fact
that repeated measurements of the same quantity by the
same measuring system operated by the same pefsonnel
do not yield identical values.

error, systematic: sometimes called bias-error, systematic
error is the difference between the*average of the total
population and the true value\lt is the true systematic
or fixed error that charact€rizes every member| of any
set of measurements frem the population, the cpnstant
component of the total erfor.

flue gas: the gaseous-products of combustion, influding
excess air.

heat input: the mass flow rate of fuel(s) multiplied by the
high or low) heating value of the fuel(s).

heat vate(mechanical or electrical): the fuel heat input per
unit of power output, based on either the low pr high
heat value of the fuel, which shall be specified.

high heat value (HHV): the heat produced by compustion
of a unit quantity of gaseous, liquid, or solid fuelp under
specified conditions, expressed in J/kg (Btu/lgm). All
water vapor formed by the combustion reaction| is con-
densed to the liquid state.

influence coefficient: the ratio of the change in a regult to a
unit change in a parameter.

instrument: a tool or device used to measure pghysical
dimensions of length, thickness, width, weight{or any
other value of a variable. These variables can fnclude
size, weight, pressure, temperature, fluid flow, yoltage,
electric current, density, viscosity, and power. bensors
are included that may not, by themselves, incorporate
a display but instead transmit signals to remofe com-
puter-type devices for display, processing, or process
control. Also included are items of ancillary equipment
directly affecting the display of the primary instfument,
e.g., an ammeter shunt, and tools or fixtures usefl as the
basis for determining part acceptability.

cor le‘llbd Lyl,lc. tVV U DC\,IUCI ltia} t} ICIIT lUdy ressy liL lJU vVl
conversion systems operating at different temperatures.
This Code applies only to combined cycles consisting of
Brayton and Rankine cycles.

error: the difference between the true value and the
measured value. It includes both bias (systematic) and
precision (random) errors.

error, random: sometimes called precision error, ran-
dom error is a statistical quantity that is expected to be

losses: the energy that exits an equipment or enve-
lope of equipment other than the energy in the output
stream(s). Examples are heat lost to the atmosphere and
to mechanical inefficiencies or cooling water.

low heat value (LHV): the heat produced by combustion
of a unit quantity of gaseous, liquid, or solid fuel under
specified conditions, expressed in J/kg (Btu/lbm). All
of the water in the product remains in the vapor phase.
This value is calculated from higher heating value at
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constant volume for liquid fuel(s) and from the higher
heating value at constant pressure for gaseous and solid
fuel(s).

measured power output (electrical): power output meas-
ured at the test boundary.

measurement error: the true, unknown difference between
the measured value and the true value.

moisture: watet, in the liquid or vapor phase, present in

serialize: to assign to an instrument a unique number
that is then permanently inscribed on or to the instru-
ment so that it can be identified and tracked.

specified corrected net power test: a test run at a specified
corrected net power that is near to the design value of
interest. A performance test is at the guaranteed point;
tests at other points are demonstration tests.

specified reference conditions: the values of all external

another substance. Moisture in fuel is determined by

measutements, usually measured by the precision index
of the measurements.

precisiofi error: see error, random.

primary| variables: variables used in calculations of
test regults. Primary variables are further classified as
follows:
(a) {lass 1: primary variables that have a relative
influente coefficient of 0.2 or greater
(b) (lass 2: primary variables that have a xelative
influenfe coefficient of less than 0.2

Refer tp ASME PTC 19.1 for the determination of rela-
tive influence coefficients.

rated ppwer output (continuous rafing): power output
stated ¢r guaranteed under specified operating condi-
tions annd on the basis of continuous operation.

referencp conditions: also called base reference conditions
or test geference conditions, these are the pressures, tem-
peratutes, and other properties of streams at the design
point, guarantee point, or other selected operating points
of the equipment to be tested. Code tests should be con-
ducted|as ¢lose as possible to reference conditions. See
also stapdard-reference condition and test conditions.

PaldIIiciers, i.e., PardIliciers Uutbide Iile e5t bULlIld ry,
to which the test results are corrected. Also, the speCiffed
secondary heat inputs and outputs are specified refer-
ence conditions.

standard reference condition: the pressure, temperatyre,
and physical state of a material at which the enthalpy
of that material is defined as zero..Standard referepce
conditions form the basis for comparisons between if-
ferent sets of data. The choicé,of standard reference cpn-
ditions is arbitrary, although'water and steam properties
are typically compiled atthe triple point of water, 273.16
K [0.01°C (32.018°F){. See also reference conditions and pest
conditions.

supplemental fuel: fuel burned to supply additional
energy to the'steam generator or to support combustion.

synthesis'gas (syngas): the gas produced by partial oxifa-
tion of the hydrocarbon feed. Raw syngas is gas that has
not undergone contaminant removal; clean syngas has
had the bulk of impurities removed. The primary us¢ of
this gas is to fuel a gas turbine.

systematic error: see error, systematic.

test: a single run or the combination of a series of rfins
for the purpose of determining performance character-
istics. A test normally consists of two runs.

test boundary: thermodynamic control volume for which
the mass and energy streams must be determined to ¢al-
culate corrected results.

test conditions: the pressures, temperatures, and other
properties of streams measured during a Code test. Test
conditions should be as close as possible to referepce
conditions. See also reference conditions and standard fef-
erence condition.

test reading: one time-coincident recording of all requifed
test instrumentation for the purpose of determining per-
formance characteristics.

test run: a group of test readings

run: a complete set of observations made over a period
of time with one or more of the independent variables
maintained virtually constant.

secondary variables: variables that are measured but do
not enter into the calculation of corrected performance.

sensitivity: see influence coefficient.

tolerance: the acceptable difference between the test
result and its nominal or guaranteed value. Tolerances
are contractual adjustments to test results or to guaran-
tees and are not part of the Performance Test Codes.

traceable: term used to describe an instrument for which
records are available demonstrating that the instru-


https://asmenormdoc.com/api2/?name=ASME PTC 47.4 2015.pdf

ASME PTC 47.4-2015

ment can be traced through a series of calibrations to
an appropriate ultimate reference such as the National
Institute for Standards and Technology (NIST).

uncertainty: the interval about the measurement or
result that contains the true value for a given confi-
dence level.

uncertainty, random: an estimate of the plus/minus limits
of random error with a defined level of confidence (usu-
ally 95%).

uncertainty, systematic: an estimate of the plus/minus
limits of systematic error with a defined level of confi-
dence (usually 95%).
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Section 3
Guiding Principles

cle (IGCC power block) plant testing, and out-
steps required to plan, conduct, and evaluate a

efining the test boundary
eveloping a test plan
reparing for the test

Regafdless of the test goals or operating mode, the
results jof a Code test will be corrected net power, cor-
rected heat rate, or corrected heat input. The test shall be
designgd with the appropriate goal in mind to ensure that
proper [procedures are developed, the appropriate oper-
ating mpode during the test is followed, and the correct
perfornpance equations are applied. Section 5 provides
information on the general performance equations and
variatigns of the equations to support specific test goals.

3-2 TEST BOUNDARY AND REQUIRED
EASUREMENTS
The general methodology of the Code involves three
steps: dlefining the test boundary, identifying energy

streamsg related to the calculation of the test results, and
condudting a pretest uncertainty analysis.

3-2.1

The test boundary is an infaginary line that surrounds
the sysfem or the specific equipment to be tested. The
test boundary is used fo identify the energy streams that
shall b¢ measured.to calculate corrected results. For a
particular test,\thé specific test boundary shall be estab-
lished by the parties to the test, based on the goals of
the tes

efine the Test Boundary

Phystcat properties of ail IMput and output enefgy
streams that are required for calculating the correcfed
performance test results shall be determined with fef-
erence to the point at which they cross the test boupd-
ary. Energy streams within the test bounddry need hot
be determined unless they verify base|eperating cor|di-
tions or they relate functionally t6 gonditions outsjide
the boundary. All heating valuéstand enthalpies shall
be based on the same standard reference conditipns
that were used to generate.the heat balance data gnd
correction curves for the-equipment to be tested, gnd
sensible heat shall be'cotunted as a separate element in
calculations.

Typical streaths required for an IGCC power blpck
plant are shown in Fig. 3-2.2-1. The solid lines indidate
the streams<crossing the test boundary for which the
mass flow'rate, thermodynamic conditions, chemjcal
makeup, or power must be determined to calculate the
restlts of an overall plant performance test.

The properties of streams indicated by dashed lihes
may need to be determined for an energy and mass bal-
ance or for individual steps of the gasification process. If
the cooling system, such as a cooling tower, is inside fthe
power block, the cooling medium inlet line (“Cooljng
water/air”) in Fig. 3-2.2-1 should be a solid line.

When the net electrical power metering is locafed
downstream of the auxiliary load supplied to procegses
other than the power block, the net power block elec-
trical output is calculated by subtracting the measufed
power block auxiliary loads from the gross eledtri-
cal output. Besides excitation power, the power blpck
auxiliary loads generally consist of the electrical logds
of the lubrication and hydraulic systems, water systens,
external cooling air systems, feed and circulating wdter
pumps, cooling tower fans, etc.

IGCC plant design may include extraction air frpm
the gas turbine to supplement air supply to the air sepa-
ration unit (ASU). Extraction air temperature is high,
and if it is not cooled, will remove energy from khe

3-2.2 ldentify Energy Streams Related to the
Calculation of the Test Results

All energy streams entering or exiting the test bound-
ary shall be identified. Energy streams can consist of
fluid or solid material flows having chemical, thermal,
and potential energy. They can also consist of pure
energy flows such as thermal radiation, thermal conduc-
tion, and electrical current.

power block and increase the power consumption of the
cryogenic cooling system of the ASU. The compressed
air heat can be used to generate steam or heat water, or
to heat nitrogen in a gas-to-gas heat exchanger, which
also reduces the cryogenic cooling system power con-
sumption. For the heat exchanger, extraction air enters
the hot side of the gas-to-gas heat exchanger and diluent
nitrogen is on the cold side. Typically a horizontal coun-
terflow shell-and-tube heat exchanger is used for this
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Fig. 3-2.2-1 ASME PTC 47.4 Power Block Test Boundary
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(b) ASME.PT€47.1, ASME PTC 47.2, and ASME PTC 47.3 are in the course of preparation.

application. Extraction air enters the shell side (hot side),
and diluent nitrogen enters the tube side (cold side). The
heat exchanger does not require any utilities (i.e., steam,
feedwater, electricity, etc.). A flow-measuring device is
used to measure the flow of both extraction air and dilu-
ent nitrogen. Figure 3-2.2-2 illustrates the boundary of
the gas-to-gas heat exchanger.

Diluent nitrogen/extraction air heat exchangers
are normally considered to be part of the power block
and located within the ASME PTC 47.4 test boundary.
Nitrogen compressors that are not part of the ASU block
are also considered to be part of the power block and
located within the ASME PTC 47 4 test boundary. In these
cases, the measured streams crossing the power block test
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Fig. 3-2.2-2 Diluent Nitrogen/Extraction Air Heat Exchanger Boundary

Hot extraction
air (shell side)

| Diluent

— — —

| Cold diluent
nitrogen (tube side)

Hot diluent <—|
nitrogen (tube side)

bounddry are the diluent nitrogen leaving the ASU block
and the air leaving the nitrogen-to-air heat exchanger.
Oxygen compressors, however, are normally consid-
ered to| be part of the ASU and not part of the power
block.

3-2.3 Rretest Uncertainty Analysis

Oncq all energy streams have been identified, a
pretest| uncertainty analysis, as described in Section
7, shall be performed to identify the primary energy
flows whose physical properties shall be measured
and injputted into the test results calculation. The
pretest/uncertainty analysis is also used to“determine
the level of measurement accuracy required for each
measuflement to maintain the agreed-upon overall test
uncertginty.

Meadqurement locations are §elected to provide the
lowest Jevel of measurement(uncertainty. The preferred
location is at the test boundary, but only if the meas-
uremer(t location is the“best location for determining
requirefd parameters:

Other measurements may be required, such as those
used i the application of correction factors for off-
design pmbiént conditions to confirm test point stability,

or thos¢ needed to ensure that the plant does not exceed
emissidns-or ca{:o'l-y limits

RHFOgeRT
extraction
| air exchangerl

|

|—> Cold extraction
air (shell side)

3-3 TEST PLAN AND OBJECT OF THE TEST

A detailed’test plan should be prepared prior to cpn-
ducting a€ode test. The test plan shall document agiee-
ments‘on/all issues affecting the conduct of the test gnd
provide detailed procedures for performing the tpst.
The test plan shall be approved, prior to the testing by
authorized signatures of all parties to the test. It shall
reflect any contract requirements that pertain to the fest
objectives and performances guarantees.

The object of the test shall be agreed to by the parfies
to the test and shall be defined in writing before the fest
commences.

In addition to documenting all prior agreements, the
test plan should include the schedule of test activitjes,
responsibilities of the parties to the test, test procedutes,
and report formats.

3-4 TEST PREPARATIONS

(a) General Precautions. Reasonable precautipns
should be taken when preparing to conduct a C¢de
test. Indisputable records shall be made to identify gnd
distinguish the equipment to be tested and the eXact
method of testing selected. Descriptions, drawir|gs,
or photographs may be used to ensure a permangnt,

Equations utilized in the calculations of results
should be reviewed to verify that all references to heat-
ing value are consistent (either all lower or all higher)
and that all correction curves and heat balance pro-
grams are based on the same definition of heating
value. The use of higher heating value is customary,
but lower heating value may also be used. The equa-
tions in Section 5 are applicable for either higher or
lower heating value.

explicit record. Instrument location shall be predeter-
mined, agreed to by the parties to the test, and described
in detail in test records. Redundant, calibrated instru-
ments should be provided for those instruments suscep-
tible to in-service failure or breakage.

(b) Agreements. Prior to any tests, the parties to the
test shall agree on the exact method of testing and the
methods of measurement. The following should be
considered:
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(1) object of test

(2) location and timing of test

(3) test boundaries

(4) selection of instruments: number, location,
and type

(5) method of calibration of instruments

(6) number of copies of original data required

(7) data to be recorded and method of recording
and archiving data

The frequency of data collection is dependent on the
particular measurement, variability of plant operation,
and the duration of the test. To the extent practical, at
least 30 readings should be collected to minimize the
random error impact on the post-test uncertainty anal-
ysis. The use of automated data acquisition systems is
recommended to facilitate acquiring sufficient data.

3-4.1.2 Location and Identification of Instruments.

(8) values of measurement uncertainty and
method of determining overall test uncertainty

(9) method of operating equipment under test,
indquding that of any auxiliary equipment the perfor-
mance of which may influence the test result
(10) methods of maintaining constant operating
conpditions as near as possible to those specified
(11) method of determining duration of operation
ungler test conditions before test readings are started
(12) system alignment or isolation
(13) organization of personnel, including desig-
nafion of engineer in responsible charge of test
(14) duration and number of test runs
(15) measurement frequency
(16) base reference conditions
(17) methods of correction and values used for
corrections for deviations of test conditions from those
spycified
(18) methods of computing results
(19) method of comparing test results with specis
fiedl performance
(20) conditions for rejection of outlier data or
rurs
(21) intent of contract or specification-if-ambigui-
tieg or omissions appear evident
(22) pretest inspections
This subsection describes preparations relating to test
apparatus, equipment inspection,(@and preliminary testing.

W
Y

.1 Test Apparatus

Test instruments are-classified as described in Section
4. Instrumentation wsed for data collection shall be at
leapt as accurate as fnstrumentation identified in the pre-
tesf uncertainty, analysis. This instrumentation can be
either permanéeht plant instrumentation or temporary
test instrumentation.

3-4.+1 Frequency and Timing of Observations. The

Transducers shall be located to minimize the dffect of
ambient conditions, e.g., temperature or_temflerature
variations, on uncertainty. Care shall be taken in frouting
lead wires to the data collection equipment to prevent
electrical noise in the signal. Manualinstruments ghall be
located so that they can be read with precision ahd con-
venience by the observer. All instriiments shall be marked
uniquely and unmistakably/foridentification. Caljbration
tables, charts, or mathematical relationships shall be read-
ily available to all parties.to the test. Observers refording
data shall be instructed on the desired degree of pfecision
of readings.

All instruments shall be calibrated or adefjuately
checked pfior to the test, and those records anpd cali-
bration-teports shall be made available to the|parties
to the.test. Following the test, recalibration or adequate
reconfirmation or verification of proper calibration is
recommended. When using an automated datd acqui-
sition system, the calibration procedure shall |nclude
signal conditioners and data-logging device, such
that the desired measurement accuracy is maintained
from the primary sensor to the final readout or ptorage
device.

3-4.2 Equipment Inspection

Prior to conducting a test, the condition of thq equip-
ment to be tested should be determined by inspection
of equipment or review of operational records, ¢r both.
Cleaning should be completed prior to the test and
equipment cleanliness agreed upon.

Prior to preparation for acceptance and other|official
tests, all parties to the test shall have reasonableloppor-
tunities to examine the equipment, correct defe¢ts, and
render the equipment suitable to test. Parties to the test,
however, are not thereby empowered to alter of adjust
equipment or conditions in such a way that [regula-
tions, contract, safety, or other stipulations are alfered or
voided. Parties to the test shall not make adjustnl\ents to

timing of instrument observations shall be determined
by an analysis of the time lag of both the instrument
and the process so that a correct and meaningful mean
value and departure from allowable operating con-
ditions may be determined. Sufficient observations
shall be recorded to prove that steady-state conditions
existed during the test where this is a requirement.
A sufficient number of observations shall be taken to
reduce the random component of uncertainty to an
acceptable level.

the equipment for test purposes that may prevent imme-
diate, continuous, and reliable operation at all capacities
or outputs under all specified operating conditions. Any
actions taken shall be documented and immediately
reported to all parties of the test.

3-4.3 Preliminary Testing

Preliminary testing should be conducted sufficiently
in advance of the start of the official performance test to
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allow time to calculate preliminary results and perform
an uncertainty analysis using the standard deviations
observed during the test. Based on the results of the
preliminary testing, final test equipment adjustments
and modifications may be made. Results from the pre-
liminary testing should be calculated and reviewed to
identify any problems with the quantity and quality of
measured data.

valve lineup and cycle isolation
proximity to design conditions
stabilization

starting and stopping criteria
duration and number of test runs

3-5.1 Valve Lineup/Cycle Isolation
A cycle isolation checklist should be developed to the

3-4.3.1 Preliminary Test Runs. Preliminary test
runs, With records, serve to determine if equipment is
in suitgble condition to test, to check instruments and
methods of measurement, to check adequacy of organi-
zation gnd procedures, and to train personnel. All par-
ties to the test may conduct reasonable preliminary test
runs ap necessary. Observations during preliminary
test rums should be carried through to the calculation
of results as an overall check of procedure, layout, and
organigation. If such preliminary test run complies with
all the jnecessary requirements of the appropriate test
code, if may be used as an official test run within the
meaning of the applicable code.

3-4.3.2 Conduct of Test.
design3
tor, to d
should
parties
written|

The parties to the test shall
te a person, hereafter called the test coordina-
irect the test. Intercommunication arrangements
be established between all test personnel, all
to the test, and the test coordinator. Complete
records of the test, even including details that
at the fime may seem irrelevant, should be reported.
Contro}s by ordinary operating (indicating, reporting,
or inteprating) instruments, preparation of graphical
logs, apd close supervision should be established to
give aspurance that the equipment under test is*operat-
ing in gubstantial accord with the intended conditions.
If a commercial test, accredited representatives of the
purchager and the manufacturer or supplier should be
presen{ at all times to assure themsélves that the tests
are beinpg conducted according to the test code and prior
agreement.

3-5 JONDUCT OF TEST

(a) G
ducted
ditions
of corrg

(b) S LAt & arteea a
tests shall be conducted as promptly as possible follow-
ing initial equipment operation and preliminary test runs.
The equipment should be operated for sufficient time
to demonstrate that intended test conditions have been
established, e.g., steady state. Agreement on procedures
and time should be reached before commencing the test.

This subsection provides guidelines on the actual con-
duct of the performance test and addresses the follow-
ing areas:

perating Rhilosophy. The tests should be con-
as closely as possible to specified operating con-
thereby reducing the magnitude and number
ctions for deviations from specified conditions.

10

satisfaction of all Parﬁnc to the test. The checklist shonild
be a complete list of all the valves that should be setyin a
manner consistent with the basis of design or guarantee.
These are the valves that affect the accuracy lor resyilts
of the test if they are not secured. These valve positipns
should be checked by physically looking at the valyes
before and after the test. All automatic valve positipns
should be checked prior to the“préliminary test gnd
monitored during subsequent testing.

Valves that need to be opened between tests shall
closed before the start of-the hext test.

be

3-5.2 Variation During Test

It is desirablé to operate the plant during the tesf at
conditions aé.close as possible to the reference cor|di-
tions, and within the allowable design range of the
plant and its equipment so as to limit the magnityde
of corrections. Excessive corrections to plant perfor-
mance parameters can adversely affect overall fest
tincertainty.

It is recommended that each test run be conducted
within the criteria given in Table 3-5.2-1 or other mytu-
ally agreed-upon operating criteria that limit overall fest
uncertainty to those in Table 1-3-1. Oscillation ampli-
tudes during the test period as much as twice the allgw-
able value are acceptable as long as the average vajue
of the readings reflects steady-state operation withput
upward or downward trend.

3-5.3 Stabilization

The power block shall be in stable operation foj
least 1 hr before starting the test.

at

3-5.4 Starting Criteria

The test coordinator shall be responsible for ensur
that all data collection begins at the agreed-upon s
of the test, and that all parties to the test are informeg

ng
art
of

pst,

d mne O 9, d
the following conditions shall

(a) Operation and Configuration. The unit is in the
proper configuration and being operated in accordance
with the agreed-upon test requirements.

(b) Stabilization. The plant shall be operated for a
sufficient period of time at test load to demonstrate
and verify stability in accordance with para. 3-5.3. All
operating parameters shall be within the acceptable
test range.
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Table 3-5.2-1 Variation During Test

Variation From Average
Parameter During Test [Note (1)]

Variation From Average
Parameter During Test [Note (1)]

External Connections

Connections to Gasification Block

Inlet air Input water no. 1
Pressure 7 mbar (0.1 psia) Temperature 3°C (5°F)
Temperature 3°C (5°F) Flow rate 2.5%
Relative humidity 10 percentage points
uutputstedin no. L {mattpte)
Makeup water, condensate return 3°C (5°F) Pressure 2.5%
emperature at test boundary Temperature 39C (5°F)
Pojwer block secondary fuel Enthalpy 2.5%
Heating value 1% Flow rate 5%
Combustible constituents 2.5% Input steam no. 1 (multiple)
[emperature 6°C (10°F) Pressure 2.5%
Flow rate 2.5% Temperature 3°C (5°F)
Input steam no. 2 (multiple) Enthalpy 2.5%
bressure 2.5% Flow rate 2.5%
[emperature 3°C (5°F) Output water no. 1
Enthalpy 2.5% Temperature 3°C (5°F)
Flow rate 2.5% Flow rate 5%
Ngt power Output water n6/2
Frequency 0.25% Temperatiite 3°C (5°F)
Power factor 0.05 Flow rate 5%

Export/output steam (multiple)

Pressure 2.5%
femperature 3°C (5°F)
Fnthalpy 2.5%

Copling air (if used) temperature at test 3°C (5°F)
boundary

Copling (circulating) water (if used)

Connections to Syngas Conditioning Block

femperature 3°C (5°R)
Flow rate 5%
or
Condenser pressure (if used) at test 9 mbar (0.25 in. Hg)
boundary
Connections+to ASU
Nifrogen
Pressure 2.5%
femperature 3°C (5°F)
Flow rate 2.5%

(Cpmpressed extraction) air

Rower block primary fuel gas

Heating value 2.5%
Combustible constituents 2.5%
Temperature 3°C (5°F)
Flow rate 2.5%

Input water no. 2
Temperature 3°C (5°F)
Flow rate 2.5%

Output water no. 2
Enthalpy 2.5%
Flow rate 2.5%

Input steam no. 3
Enthalpy 2.5%
Flow rate 2.5%

Pressure 2.5%
lemperature 3°C (5°F)
Flow Tate 2.5%
C ‘lills wWdlCT EimpeTraturc Jn\- \)nF)
NOTE:

(1) All values are +/-.

11
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(c) Data Collection. Data acquisition system(s) shall
be functioning, and test personnel shall be in place and
ready to collect samples or record data.

(1) Data shall be collected by automatic data-col-
lecting equipment or by a sufficient number of compe-
tent observers. Automatic data-logging and advanced
instrument systems shall be calibrated to the required
accuracy. No observer shall be required to take so many
readings that lack of time may result in insufficient care

3-5.7 Number of Test Runs

A test shall be comprised of two or more test runs. A
test run is a complete set of observations with the unit
at stable operating conditions. If the results vary signifi-
cantly between the first two runs, then a third run shall
be required.

After a preliminary run has been made, it may be
declared an acceptance run if agreed to by the parties

and pr¢cision. Consideration shall be given to specify-
ing dultlicate instrumentation and taking simultaneous
readings for certain test points to attain the specified
accurady of the test.

A lis{ should be created of all the auxiliary loads and

measutling locations, and should clearly identify which
systeml|is fed through which corresponding motor con-
trol cernjter (MCC). The data may be collected manually
or the process may be automated. For loads measured
using femporary instrumentation, the exact measur-
ing pojnt shall be clearly identified, and qualified
personhel should connect temporary meters to avoid
acciderts.
(3) Once testing has started, readjustments to
the eqipment that can influence the results of the test
should|require repetition of any test runs conducted
prior t¢ the readjustments. No adjustments should be
permissible for the purpose of a test that are inappro-
priate fpr reliable and continuous operation following a
test undler any and all of the specified outputs and oper-
ating c¢nditions.

3-5.5 §

Tests
tor is sg
have b
coordir]
during
have b

terming

topping Criteria

are normally stopped when the test.coordina-
tisfied that requirements for a complete test run
en satisfied (see paras. 3-5.6 and\3-5.7). The test
ator should verify that methods of operation
the test, specified in paras~3-5.1 through 3-5.3,
en satisfied. The test coprdinator may extend or
te the test if the requirements are not met.

3-5.6 Duration of Runs

The dluration of a(tést run shall be of sufficient length
that th¢ data refleebthe average efficiency and/or per-
formange of the(plant. This includes consideration for
deviatipns dn~the measurable parameters due to con-
trols, fyel-and typical plant operating characteristics.
There s frT - "

When point-by-point traverses are required, the test
run should be long enough to complete two full trav-
erses. Test runs using blended or waste fuels may also
require longer durations if variations in the fuel are sig-
nificant. Test-run duration should also consider transit
times of samples.
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to-the test and pvr\‘ 1ided-that all the voqn{rnmnn{-c rf a

regular run have been met.

3-5.8 Number of Readings

Sufficient readings shall be taken within the test dyra-
tion to yield total uncertainty consistentwith those lisfed
in Table 1-3-1. The pretest uncertainty analysis shall be
used to determine the necessary ntimber of readings|for
each measurement. Ideally atleast 30 sets of data shofild
be recorded for all nonintegrated measurements of pri-
mary variables. There are no specific requirements [for
the number of integratéd readings or for measurements
of secondary variables for each test run.

3-5.9 Constancy of Test Conditions

The primary criterion for steady-state test corldi-
tions is\that the average of the data reflects equilibripm
betwéen energy input from fuel and energy output
tosthermal and/or electrical generation. The primary
uncontrollable parameters affecting the steady-sfate
conditions of a test are typically the ambient cor|di-
tions. Testing durations and schedules shall be sfich
that changes in ambient conditions are minimized. pee
Table 3-5.2-1.

During the conduct of a test, or during the subsequnt
analysis or interpretation of the observed data, an oljvi-
ous inconsistency may be found. If so, reasonable effort
should be made to adjust or eliminate the inconsisterjcy.
Failing this, test runs should be repeated.

3-6 CALCULATION AND REPORTING OF RESULTS

For all acceptance and other official tests, a cqm-
plete set of data and a complete copy of the test
shall become the property of each of the parties to
test. The original log, data sheets, files, disks, recor
charts, tapes, etc., being the only evidence of actual
conditions, shall permit clear and legible repro

y 15 not permitted. The completed
data records shall include the date and time of day the
observation was recorded. Corrected measurement data
should be distributed to each of the parties to the test.
Upon request, raw data (prior to conversion to engineer-
ing units and/or application of instrument corrections)
shall also be made available.
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The test log should constitute a complete record of
events, including details that at the time may seem trivial
or irrelevant. Erasures on or destruction or deletion of
any data record, page of the test log, or recorded observa-
tion is not permitted. If the test log is corrected, the altera-
tion shall be entered so that the original entry remains
legible and an explanation is included. For manual data
collection, the test observations shall be entered on care-
fully prepared forms that constitute original data sheets

test code, the cause of the inconsistency shall be identi-
fied and eliminated.

3-6.2 Uncertainty

A post-test uncertainty analysis shall be performed as
part of test calculations. The post-test uncertainty analy-
sis will reveal the actual quality of the test to determine
whether the required uncertainty limits stated in Section

1 have beenmet

authenticated by the observers’ signatures. For automatic
dafa collection, printed output or electronic files shall be
authenticated by the test coordinator and other repre-
serftatives of the parties to the test. When no paper copy
is generated, the parties to the test shall agree in advance
to the method used for authenticating, reproducing, and
distributing the data. Copies of the electronic data files
shdll be copied onto tape or disks and distributed to each
of the parties to the test. The data files shall be in a format
thajt is easily accessible to all. Data residing on a machine
shguld not remain there unless a backup, permanent
copy is made.

he data taken during the test should be reviewed
andl rejected in part or in whole if not in compliance with
the requirements for the constancy of test conditions
(sef para. 3-5.9). Each Code test shall include pretest and
post-test uncertainty analyses, and the results of these
analyses shall fall within Code requirements for the type
of plant being tested. If the post-test uncertainty analy-
sis|is higher than the agreed-upon maximum expected
ungertainty, then the parties to the test may either agtee
to @ higher uncertainty or redesign the test.

3-64.1 Causes for Rejection of Test Runs

Jhould serious inconsistencies that dffect the results
be [detected during a test run or during the calculation
of \-Fe results, the run shall be invalidated completely, or

it thay be invalidated only in paxtif the affected part is
at fhe beginning or at the end of the run. A run that has
be¢n invalidated shall be repeated, if necessary, to attain
the test objectives. The“decision to reject a run shall be
the responsibility of thé designated representatives of
the parties to the fest.
An outlier analysis of spurious data should also be
pefformed jin accordance with ASME PTC 19.1 on all
crifical measudrements after the test has ended.
anflyymeasurement influencing the result of a test
is [Fnconsistent with some other like measurement,

Procedures relating to test uncertainty are/bgsed on
concepts and methods described in ASME "PIC 19.1.
ASME PTC 19.1 specifies procedures ‘for evgluating
measurement uncertainties from both random and fixed
errors, and the effects of these errors\on the uncertainty
of a test result.

3-6.3 Application of Correction Factors

The calculation of testlts described by thip Code
requires adjusting thetest-determined values of thermal
input, Q, and power, P, by the application of ddditive
and multiplicatiye correction factors. The generdl forms
of these eqtiations are as follows:

P =P

orr + additive P corrections)

meas
X (multiplicative P corrections)

Qo = (Qpens T additive Q corrections)
X (multiplicative Q corrections)

Corrected heat rate is defined as follows:
_ QLeas Tadditive Q corrections

P

meas

HR

corr

+ additive P corrections

X (multiplicative P corrections

While these correction factors are intended to fccount
for all variations from base reference conditiofs, it is
possible that plant performance could be affe¢ted by
processes or conditions that were not foreseer] at the
time this Code was written. In this case, additiohal cor-
rection factors, either additive or multiplicativef would
be required.

These correction factors correct for allowabl¢ varia-
tions in controllable operating parameters and funcon-
trollable external effects, such as ambient tempg¢rature.
All correction factors shall result in a zero cofrection

although either or both of them may have been made
strictly in accordance with the rules of the individual
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Section 4
Instruments and Methods of Measurement

4-1 GENERAL

This [Section describes measurement equipment and
methods used to calculate the performance of the power
block i terms of the results in Table 1-3-1. This Section
is orgaIized as follows:

(a) Hressure Measurement, subsection 4-2

(b) Temperature Measurement, subsection 4-3

(c) Hlumidity Measurement, subsection 4-4

(d) How Measurement, subsection 4-5

(e) Hrimary Heat Input Measurement, subsection 4-6

(f) Hlectrical Generation Measurement, subsection 4-7

(¢) Data Collection and Handling, subsection 4-8

4-1.1 Introduction

This [Section presents the mandatory provisions for
instrumentation utilized in the implementation of a
ASME PTC 47 4 test. Per the philosophy of ASME PTC 1
and sulpsection 1-1 herein, it does so in consideration of
the mirjimum reasonably achievable uncertainty.

The |Instruments and Apparatus Supplements to
ASME [Performance Test Codes (ASME PTC 19 series)
outline| the details concerning instrumentation “and
the goperning requirements of instrumentation for
all ASME performance testing. The user of this Code
shall bp familiar with ASME PTC 19.1, ASME PTC
19.2, ASME PTC 19.3, ASME PTC 19.5;.and ASME PTC
19.22 a§ applicable to the instrumentation specified and
explainjed in this Section.

For the convenience of the usef, this Section reviews
the critjcal highlights of porfions of those supplements
that difectly apply to the requirements of this Code.
This Sqction also contains details of the instrumenta-
tion requirements of this Code that are not specifically
addresged in thereferenced supplements. Such details
includg classification of data for the purpose of instru-
mentatjon gelection and maintenance, field verification
recommeénddtions for instrumentation removed from a

Both ST unitsand U-S-Customary units are shownjfor
the equations in this Section. In text, tables, and figiifes,
the SI value is followed by the U.S. Customary valu¢ in
parentheses. However, any other consistent set of units
may be used.

4-1.2 Measurements

4-1.2.1 Measurement Desighation. Measurements
may be designated as eitheta parameter or a variable.
The terms parameter andvvdriable are sometimes uged
interchangeably in theZindustry, and in some other
ASME Codes. This, Code distinguishes between the
two.

A parameter.j§ considered a direct measurement gnd
is a physical quantity at a location that is determifed
by a single instrument, or by the average of the mdas-
uremehts’from several similar instruments. In the lafter
casefseveral instruments may be used to determinge a
parameter that has potential to display spatial gradient
qualities, such as inlet air temperature. Similarly, nful-
tiple instruments may be used to determine a pargm-
eter simply for redundancy to reduce test uncertainty,
such as utilization of two temperature measurements of
the fluid in a pipe in the same plane, where the tgm-
perature gradient is expected to be insignificant. Typjcal
parameters measured in an ASME PTC 47.4 test are t¢m-
perature, static and differential pressure, flow, strepm
constituents, voltage, and current.

A variable is considered an indirect measurement gnd
is an unknown quantity in an algebraic equation that is
determined by parameters. The performance equatipns
in Section 5 contain the variables used to calculate the
performance results, including corrected net power,
corrected heat input, and corrected heat rate. Typjcal
variables in these equations are flow, enthalpy, corfec-
tion factors, and electrical power. Each variable canfbe
thought of as an intermediate result needed to defer-
mine the performance result.

laboratory, catibration Tequirernernts, etectrical Teter-
ing, and other information specific to an ASME PTC
47 4 test.

If the instrumentation requirements in the ASME PTC
19 series supplements become more rigorous as they are
updated, due to advances in the state of the art, their
requirements shall supersede those set forth in this
Code.

Parameters are therefore the quarntities meastred
directly to determine the value of the variables needed
to calculate the performance results per the equations in
Section 5. Examples of such parameters are temperature
and pressure to determine the variable enthalpy; tem-
perature, pressure, or differential pressure for the calcu-
lation of the variable flow; and fuel gas composition for
calculation of fuel heating value.
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4-1.2.2 Measurement Classification. A parameter or
variable is classified as primary or secondary depending
on its usage in the execution of this Code. Parameters
and variables used in the calculation of test results are
considered primary parameters and primary variables.
Alternatively, secondary parameters and secondary var-
iables do not enter into the calculation of the results but
are used to ensure that the required test condition was
not violated.

parameters. Class 1 instrumentation is high accuracy
instrumentation with precision laboratory calibra-
tion that meets specific manufacturing and installation
requirements, as specified in the ASME PTC 19 series
supplements.

4-1.3.1.2 Class 2 Instrumentation. Class 2 instru-
mentation shall be used to determine Class 2 primary
parameters. Class 2 instrumentation does not require

Primary parameters and primary variables are further
clapsified as Class 1 or Class 2 depending on their rela-
tive sensitivity coefficient to the results of the test. Class
1 primary parameters and Class 1 primary variables are
thgse that have a relative sensitivity coefficient of 0.2%
or [greater. The primary parameters and primary vari-
ables that have a relative sensitivity coefficient of less
than 0.2% are classified as Class 2 primary parameters
andl Class 2 primary variables.

.3 Instrumentation

general, measuring equipment should be selected
minimize test uncertainty. In particular, critical

e sufficient accuracy to ensure that target uncertain-
will be achieved. Typical station-recording instru-
ts are designed for reliability and ease of use and
intenance, rather than for accuracy. Therefore, meas-
ments made by station-recording instruments may
ease test uncertainty beyond agreed-upon limits. Al
insfruments shall be checked to verify that they are the
spqcified type, properly installed, working as designed,
andl functioning over the range of input expegted.

-1.3.1 Instrumentation Categorization, " The instru-
tation employed to measure a parameter will have
different required type, accuracy® redundancy, and
hanpdling depending on how the-measured parameter
is fised and how it affects the performance result. This
Cofle does not require high‘accuracy instrumentation
for|determining secondaryparameters. The instruments
that measure secondary parameters may be permanently
installed plant instrumentation. This Code does require
velification of\imstrumentation output prior to the test
petiod. This, verification can be by calibration or by
comparisonh. dgainst two or more independent measure-
ts Of the parameters referenced to the same location.
mstruments should also have redundant or other

laboratory calibrations other than that performefl in the
factory for certification, but it does require field-erifica-
tion by techniques described herein.

4-1.3.2 Plant Instrumentation. It is acceptpble to
use plant instrumentation for primary parametdrs only
if the plant instrumentation (ineluding signal-condition-
ing equipment) can be demonstrated to meet the over-
all uncertainty requirements. Many times this is|not the
case. In the case of flow measurement, all insjrument
measurements (proe€ss pressure, temperature, differen-
tial pressure, or, ptilses from metering device) ghall be
made availgblé)as plant conversions to flow age often
not rigorous/enough for the required uncertainty.

4-1:3.3 Redundant Instrumentation. Redundantinstru-
ments are two or more devices measuring the same
parameter with respect to the same location.| Where
experience in the use of a particular model or ftype of
instrument dictates that calibration drift can bg unac-
ceptable, and no other device is available, redundancy is
recommended. Redundant instruments should be used
to measure all primary (Class 1 or Class 2) pargmeters
except flow and electrical input. Redundant flpw ele-
ments and redundant electrical-metering deviceqare not
required because of the large increase in costs asgociated
with such redundancy, but should be considerefl when
developing a test plan.

Other independent instruments in separate ldcations
can also monitor instrument integrity. A sample case
would be a constant enthalpy process where gressure
and temperature at one point in a steam line vefrify the
pressure and temperature of another location in the line
by comparing enthalpies.

4-1.4 Instrument Calibration

4-1.4.1 Definition of Calibration. Calibration is the
set of operations that establish, under speciﬁecT condi-

independent instruments that can verify the integrity
during the test period. Instrumentation is categorized
as Class 1 or Class 2, depending on the instrumentation
requirements defined by that parameter. Care shall be
taken to ensure the instrumentation meets the require-
ments set forth in this Code with regard to classification.

4-1.3.1.1 Class 1 Instrumentation. Class 1 instru-
mentation shall be used to determine Class 1 primary
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tions, the relationship between values indicated by a
measuring instrument or measuring system and the
corresponding reference standard or known values
derived from the reference standard. The result of a
calibration permits the estimation of errors of indication
of the measuring instrument or measuring system, or
the assignment of values to marks on arbitrary scales.
The result of a calibration is sometimes expressed as a
calibration factor or as a series of calibration factors in
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the form of a calibration curve. Calibrations performed
in accordance with this Code are categorized as either
laboratory or field calibrations.

4-1.4.1.1 Laboratory-Grade Calibration. Labora-
tory-grade calibration, as defined by this Code, is the
process by which calibrations are performed under
controlled conditions with highly specialized meas-
uring and test equipment that has been calibrated by

less than the accuracy of the reference standard for the
desired calibration period.

Reference standards should be selected such that the
collective uncertainty of the standards used in the cali-
bration contributes less than 25% to the overall calibra-
tion uncertainty. The overall calibration uncertainty of
the calibrated instrument should be determined at a
95% confidence level. A reference standard with a lower
uncertainty may be employed if the uncertainty of the

approved sources and remain traceable to the National
Institufe of Standards and Technology (NIST), another
recognized international standard organization, or a
natural physical (intrinsic) constant through an unbro-
ken comparison having defined uncertainties. These
calibrafions shall be performed in strict compliance
with egtablished policy, requirements, and objectives
of a laforatory quality assurance program. Laboratory
calibration applications shall be employed on Class 1
instrumentation with the exception of fluid-metering
deviceq that strictly adhere to specific manufactur-
ing andl installation requirements, as specified in the
ASME PTC 19 series supplements.

4-1.4.1.2 Field Calibration. Field calibration,
as defifed by this Code, is the process by which cali-
brations are performed under conditions that are less
controlled, either with or without less rigorous measure-
ment ahd test equipment, than provided under a labo-
ratory-grade calibration. Field calibration measurement
and tejt equipment requires calibration by approved
sourceq that remain traceable to NIST, another recog-
nized ihternational standard organization, or a natural
physicdl (intrinsic) constant through an unbrokercom-
parisor] having defined uncertainties. Field-calibration
applications are commonly employed on instrumen-
tation measuring secondary parameters. and Class 2
instrumentation that are identified a§ out-of-calibration
duringfield verification as described)in para. 4-1.5.

4-1.4.2 Reference Standards. Reference standards
are gerferally of the highest.metrological quality avail-
able at|a given location from which the measurements
made gt that locatign'are derived. Reference standards
includg all measuring and test equipment and reference
materidls thatthave a direct bearing on the traceability
and acquracy of calibrations. Reference standards shall
be routfnely-calibrated in a manner that provides tracea-
bility t i i
shall be maintained for proper calibration, handling,
and usage in strict compliance with an accredited cali-
bration laboratory quality program. The integrity of ref-
erence standards shall be verified by proficiency testing
or interlaboratory comparisons. All reference standards
should be calibrated at the frequency specified by the
manufacturer unless the user has data to support exten-
sion of the calibration period. Supporting data is histori-
cal calibration data that demonstrates a calibration drift
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reference standard combined with the random unger-
tainty of the instrument being calibrated is less than the
accuracy requirement of the instrument.

Except for flow-metering instrumentation, all Clags 1
and Class 2 instrumentation used to nieasure primpry
(Class 1 and Class 2) parameters_shall be calibrafed
against reference standards traceablé to NIST, another
recognized international standdtd ‘organization, or fec-
ognized natural physical constants with values assigled
or accepted by NIST. Instruntentation used to measjire
secondary variables neédnot be calibrated against a fef-
erence standard. These instruments may be calibrafed
against a calibrated instrument.

4-1.4.3 Enyironmental Conditions. Calibration | of
instruments used to measure primary parameters (Class
1 or Clas$2) should be performed in a manner that rpp-
licates, the condition under which the instrument will be
used' to take the test measurements. As it is often hot
practical or possible to perform calibrations under 1gp-
licated environmental conditions, additional elemental
error sources shall be identified and estimated. E;Lor
source considerations shall be given to all process gnd
ambient conditions that may affect the measurempnt
system, including temperature, pressure, humidity, elec-
tromagnetic interference, and radiation.

4-1.4.4 Instrument Ranges and Calibration Poipts.
The number of calibration points depends on the clasgifi-
cation of the parameter the instrument will measure. The
classifications are discussed in para. 4-1.2.2. The caliljra-
tion should have points that bracket the expected mdas-
urement range. In some cases of flow measuremen
may be necessary to extrapolate a calibration. Field vri-
fications as described in para. 4-1.5 shall be employed
all installed instrumentation prior to the test on all mgas-
ured primary and secondary parameters.

=ty : ru-
ments measuring Class 1 primary parameters should
be laboratory-grade calibrated at 2 points more than
the order of the calibration curve fit, whether it is neces-
sary to apply the calibration data to the measured data,
or the instrument is of the quality that the deviation
between the laboratory calibration and the instrument
reading is negligible in terms of affecting the test result.
Flow metering that requires calibration should have a
20-point calibration. Instrument transformers do not
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require calibration at 2 points more than the order of the
calibration curve fit and shall be calibrated in accord-
ance with para. 4-7.4.

Each instrument should also be calibrated such that
the measuring point is approached in an increasing
and decreasing manner. This exercise minimizes the
possibility of any hysteresis effects. Some instruments
are built with a mechanism to alter the range once the
instrument is installed. In this case, the instrument shall

specifications and demonstrated by field verification.
Similarly, the quantity of time between the field verifica-
tion and the test period should be kept to a minimum to
minimize instrument drift. Test instrumentation used to
measure Class 2 parameters and secondary parameters
do not require laboratory calibration other than that per-
formed in the factory for certification, but it does require
field verification prior to the test.

Following a test, field verifications shall be conducted

be [calibrated at each range to be used during the test
petiod.

Yome devices cannot practically be calibrated over
the entire operating range. For example, flow-measur-
ing devices are often calibrated at flows lower than the
op¢rating range and the calibration data is extrapolated.
This extrapolation is described in subsection 4-5.

4-1.4.4.2 Class 2 Instrumentation. If calibration
for|instruments measuring Class 2 primary parameters
is tp be curve fitted, the calibration should contain, as a
mifimum, one point more than the order of the calibra-
tiop curve fit. If the instrument can be shown to typi-
cally have a hysteresis of less than the required accuracy,
thg measuring point need only be approached from one
dirpction (either increasing or decreasing to the point).

4-1.4.5 Secondary Parameters. The instruments
measuring secondary parameters shall undergo field
velifications as described in para. 4-1.5 and if calibrated
d only be calibrated at one point in the expectéd
prating range.

4-1.4.6 Timing of Calibration. Because ©of the vari-
ange in different types of instrumentation and their
care, no mandate is made regarding -the time interval
between the initial laboratory calibration and the test
petiod. Treatment of the device is thuich more important
than the elapsed time since calibration. An instrument
may be calibrated one day and mishandled the next.
Copwversely, an instrument may be calibrated and placed
on|a shelf in a controlled environment and the calibra-
tion will remain/valid for an extended time period.
Similarly, the ifstrument may be installed in the field
but valved-out-of service, and/or it may, in many cases,
be |exposed<to significant cycling. In these cases, the
insfrumentation is subject to vibration or other damage,
andl shall undergo field verification.

mary parameters shall be laboratory-grade calibrated
prior to the test and/or shall meet specific manufactur-
ing and installation requirements, as specified in the
ASME PTC 19 series supplements. No mandate is made
regarding quantity of time between the laboratory cali-
bration and the test period. The quantity of time between
the laboratory calibration and the test period should,
however, be kept to a minimum to obtain an acceptable
calibration drift as determined by the manufacturer’s
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on instruments measuring parameters where there is
no redundancy or for which data is questionabple. For
the purposes of redundancy, plant instrumentatipn may
be used in the field verification. If results indicate unac-
ceptable drift or damage, then further investigption is
required. Flow element devices uséd to measuge Class
1 primary parameters that de_not have redundancy
shall require field verification, including nondestruc-
tive inspection, following,the test. Flow element devices
used to measure Class\2"primary parameters need not

integrity. Such@onditions may include steam bl
chemical cledning.

Flow-measuring devices and current and pptential
transformers by nature are not conducive to post-test
calibration. In the case of flow-measuring devicps used
to, measure Class 1 primary variables, the device may
be inspected following the test rather than recaljbrated.
Flow element devices used to measure Class 2 primary
variables need not be inspected following the tept if the
devices have not experienced steam blow or chemical
cleaning.

4-1.4.7 Calibration Drift. Calibration drift is
as a shift in the calibration characteristics. When
verification indicates the drift is less than the ins
accuracy, the drift is considered acceptable and the pre-
test calibration is used as the basis for determirfing the
test results. Occasionally the instrument calibratipn drift
is unacceptable. Should the calibration drift, combined
with the reference standard accuracy as the squgre root
of the sum of the squares, exceed the required afcuracy
of the instrument, it is unacceptable.

Calibration drift can result from instrumemt mal-
function, transportation, installation, or removi of the
test instrumentation. When a field verification [of cali-
bration indicates unacceptable drift to meet thg uncer-
t i i tgation is

required.

A post-test laboratory calibration may be ordered,
and engineering judgment shall be used to determine
whether the initial calibration or the recalibration is cor-
rect by evaluating the field verifications. Below are some
recommended field verification practices that lead to the
application of good engineering judgment.

(1) When instrumentation is transported to the
test site between the calibration and the test period, a
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single-point check prior to and following the test period
can isolate when the drift may have occurred. For exam-
ple, verify the zero-pressure point on the vented pres-
sure transmitters, the zero-load point on the wattmeters,
or the ice point on the temperature instrument.

(b) In locations where redundant instrumentation
is employed, calibration drift should be analyzed to
determine which calibration data (the initial or recali-
bration) produces better agreement between redundant

consistently smaller than the limits of the permissible
error defined in a standard, regulation, or specification
particular to the management of the measuring device.
Field verifications shall be employed on all installed
instrumentation prior to the test on all secondary meas-
ured parameters. The verifications shall demonstrate the
instrumentation and systems are within acceptable lim-
its of error as defined in this Section. Verification tech-
niques may include field calibrations, nondestructive

instrunpents.

4-1.4.8 Loop Calibration. All analog instruments
used tq measure primary parameters (Class 1 or Class
2) shoyld be loop calibrated. Loop calibration involves
the calfbration of the instrument through the signal-
conditipning equipment. This may be accomplished
by caliprating instrumentation using the test signal-
conditipning equipment either in a laboratory or on-site
duringtest setup before the instrument is connected to
procesd. Alternatively, the signal-conditioning device
may b¢ calibrated separately from the instrument by
applyirlg a known signal to each channel using a pre-
cision gignal generator. Where loop calibration is not
practicgl, an uncertainty analysis shall be performed
to ensyre that the combined uncertainty of the meas-
uremer|t system meets the uncertainty requirements
described in Table 1-3-1.

Instrpimentation with digital output need only be cali-
brated through to the digital signal output. There is no
further| downstream signal-conditioning equipment as
the conversion of the units of measure of the measured
paramgter has already been performed.

4-1.4.9 Quality Assurance Program. Each\ calibra-
tion laloratory shall have in place a quality-assurance
prograin that documents the following.information:

(a) cplibration procedures

(b) cplibration technician training

(c) standard calibration recotds

(d) sfandard calibration schedule

(e) instrument calibration/histories

The fjuality assurange\program should be designed
e that the laboratory standards are calibrated as
requiref and thatsproperly trained technicians calibrate
the equiipmentin the correct manner.

The ppartjesito the test should be allowed access to the
calibrafion-fdcility for auditing. The quality assurance

inspections, and comparison of redundant instruments.

Elemental error sources arising from the methodg of
measurement shall be evaluated during the field vetifi-
cations to identify the uncertainty sources beyond thpse
contained in the calibration or manufactuirer’s specif
tion, data acquisition, and data reduction, that may gi
nificantly affect the assessment of theverification. Some
common examples include vibfation effects, mount
position effects, electromagnietic effects, external t¢m-
perature and humidity effects; and, in some cases, st
temperature effects. The“errors may be of either a gys-
tematic or random nattite depending on their effect{on
the measurement.

4-2 PRESSURE MEASUREMENT
4-2.1 dntroduction

This subsection presents requirements and guida
regarding the measurement of pressure. Given the sfate
of the art and general practice, it is recommended that
electronic pressure measurement equipment be used
primary measurements to minimize systematic and rpn-
dom error. Electronic pressure measurement equipmgent
provides inherent compensation procedures for sen-
sitivity, zero balance, thermal effect on sensitivity, gnd
thermal effect on zero. Deadweight gages, manomet
and other measurement devices that meet the un
tainty requirements of this Section may be used. Factors
affecting the uncertainty of the pressure measuremgent
include, but are not limited to, ambient temperatyre,
resolution, repeatability, linearity, hysteresis, viljra-
tion, power supply, stability, mounting position, raflio
frequency interference (RFI), static pressure, water leg,
warm-up time, data acquisition, spatial variation, gnd
primary element quality.

The piping between the process and secondary ¢le-
ments shall accurately transfer the pressure to obtain
accurate _measurements. Possible sources of error

1 1.1 1 1 1 111 1 1
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4-1.5 Instrument Verification

Verification is a set of operations that establishes evi-
dence by calibration or inspection that specified require-
ments have been meet. It provides a means for checking
that the deviations between values indicated by a meas-
uring instrument and corresponding known values are
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include pressure transfer, leaks, friction loss, trapped
fluid (i.e., gas in a liquid line or liquid in a gas line), and
density variations between legs.

All signal cables should have a grounded shield
or twisted pairs to drain any induced currents from
nearby electrical equipment. All signal cables should
be installed away from electromotive force (EMF)
producing devices such as motors, generators, electrical
conduit, cable trays, and electrical service panels.
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Prior to calibration, the pressure transducer range
may be altered to match the process better. However,
the sensitivity to ambient temperature fluctuation may
increase as the range is altered.

Additional points will increase the accuracy but are
not required. During calibration, the measuring point
should be approached from an increasing and decreas-
ing manner to minimize the hysteresis effects.

Some pressure transducers allow the user to change

4-2.3.1 Absolute Pressure Transmitters

4-2.3.1.1 Application. Absolute pressure trans-
mitters measure pressure referenced to absolute zero
pressure. Absolute pressure transmitters should be used
on all measurement locations with a pressure equal to
or less than atmospheric. Absolute pressure transmitters
may also be used to measure pressures above atmos-
pheric pressure.

thgrange once the transmitter is installed. The transmit-
terp shall be calibrated at each range to be used during
thd test period.

ere appropriate for steam and water processes,
the readings from all static pressure transmitters and
any differential pressure transmitters with taps at dif-
fergent elevations (such as on vertical flow elements)
shall be adjusted to account for elevation head in water
legs. This adjustment shall be applied at the transmitter,
aufomatically by the control system or data acquisition
sygtem, or manually by the user after the raw data is
collected. Care shall be taken to ensure this adjustment
is gpplied properly, particularly at low static pressures,
andl that it is applied only once.

4-3

The required uncertainty depends on the type of
pafameters and variables being measured. Refer to
patas. 4-1.2.2 and 4-1.3.1 for discussion on measurement
clapsification and instrumentation categorization.
(lass 1 primary parameters and variables shall be
measured with 0.1% accuracy class pressure_ trans-
ifters or equivalents that have a total uhcertainty
10.3% or better of calibrated span. Pressure trans-
ifters should be temperature compensated. If tem-
pefature compensation is not available, the ambient
temperature at the measurement location during the
tesf period shall be compared to-the temperature dur-
ing calibration to determine-if the decrease in accuracy
is gcceptable.

lass 2 primary pafameters and variables shall be
measured with 0.25%\accuracy class pressure transmit-
terp or equivalentSthat have a total uncertainty of £0.50%
or petter of calibrated span. These pressure transmitters
donot need t0-be temperature compensated.

econdary’ variables can be measured with any type
of presstire transmitter or equivalent device.

.2 Required Uncertainty

4-2.3.1.2 Calibration. Absolute pressure| trans-
mitters can be calibrated using one of two methdds. The
first method involves connecting the testdnstrumnient to a
device that develops an accurate vacuiun at desifed lev-
els. Such a device can be a deadweight gage in afbell jar
referenced to zero pressure or a divider piston
nism with the low side referenced to zero press

brate absolute pressure transmitters provided
same level,of care is taken.

4-2.3.2 Gage Pressure Transmitters
4-2.3.2.1 Application. Gage pressure trangmitters
measure pressure referenced to atmospheric ptessure.
To obtain absolute pressure, the test site atmogspheric
pressure shall be added to the gage pressure. This test
site atmospheric pressure should be measured by an
absolute pressure transmitter. Gage pressure trpnsmit-
ters may be used only on measurement locatiops with
pressures higher than atmospheric. Gage pressute trans-
mitters are preferred over absolute pressure trangmitters
in measurement locations above atmospheric fressure
because they are easier to calibrate.

4-2.3.2.2 Calibration. Gage pressure trhnsmit-
ters can be calibrated by an accurate deadweight gage.
The pressure generated by the deadweight gage phall be
corrected for local gravity, air buoyancy, piston [surface
tension, piston area deflection, actual mass of Weights,
actual piston area, and working medium tempgrature.
If the above corrections are not used, the pressyre gen-
erated by the deadweight gage may be inaccurgte. The
actual piston area and mass of weights are detgrmined

4-2.3 Recommended Pressure Measurement Devices

Pressure transmitters are the recommended pressure
measurement devices. There are three types of pres-
sure transmitters, as follows, with varying application
considerations:

(a) absolute pressure transmitters

(b) gage pressure transmitters

(c) differential pressure transmitters
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Tactrtime—the deddweight Tage 15 tatibrated. Other
devices may be utilized to calibrate gage pressure trans-
mitters provided that the same level of care is taken.

4-2.3.3 Differential Pressure Transmitters
4-2.3.3.1 Application. Differential pressure trans-
mitters are used where flow is determined by a differen-
tial pressure meter, or where pressure drops in a duct or
pipe must be determined.
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4-2.3.3.2 Calibration. Differential pressure trans-
mitters used to measure Class 1 primary parameters and
variables shall be calibrated at line static pressure unless
information is available detailing the effect of line static
pressure on the instrument accuracy that demonstrates
compliance with the uncertainty requirements of para.
4-2.2. Calibrations at line static pressure are performed
by applying the actual expected process pressure to the
instrument as it is being calibrated. Calibrations at line

may shift by an amount equal to the liquid head caused
by the varied mounting position. Impulse tubing and
mounting requirements should be installed in accord-
ance with manufacturer’s specifications. In general, the
following guidelines should be used to determine trans-
mitter location and placement of impulse tubing:

(a) Keep the impulse tubing as short as possible.

(b) Slope the impulse tubing at least 8 cm/m (1 in./ft)
upward from the transmitter toward the process con-

static pressure can be accomplished by one of the fol-
lowing|three methods:

(a) tvo highly accurate deadweight gages

(b) adeadweight gage and divider combination

(c) dne deadweight gage and one differential pres-
sure stgndard

Differential pressure transmitters used to measure
Class 2|primary parameters and variables or secondary
paramgters and variables do not require calibration at
line static pressure and can be calibrated using one accu-
rate depdweight gage connected to the “high” side of
ument.

be utiliked to calibrate differential pressure transmitters
provide¢d that the same level of care is taken.

4-2.4 Absolute Pressure Measurements

4-2.4.1 Introduction. Absolute pressure .mieasure-
ments pre pressure measurements that are pelow or
above atmospheric pressure. Absolute pressure trans-
mitters|should be used for these measirements. Typical
absolute pressure measurements include ambient pres-
condenser pressure.
acuum pressure measurements, differential
transmitters may, be-used with the “low” side
of the transmitter connected’to the source to effectively
result ih a negative gage-that is subtracted from atmos-
pheric pressure to.gbtain an absolute value. This latter
method may beaséd but is not recommended for Class
1 primgry parameters and variables since these meas-
uremerjts are,typically small and the difference of two
larger numbers may result in error.

nection for liquid service.

(c) Slope the impulse tubing at least 8 cm /m (Iin:{ ft)
downward from the transmitter toward the proeess cpn-
nection for gas service.

(d) Avoid high points in liquid lines afid low point
gas lines.

(e) Use impulse tubing large enough to avoid frict
effects and prevent blockage.

(f) Keep corrosive or highistemperature process fl
out of direct contact with the'sénsor module and flanges.

In steam service, thé-sensing line should extend at
least 0.6 m (2 ft) horizontally from the source befpre
the downward slope begins. This horizontal length yvill
allow condensation to form completely so the down-
ward slopewill’be completely full of liquid.

The water‘leg is the condensed liquid or water in the
sensing-line. This liquid causes a static pressure he¢ad
to deyelop in the sensing line. This static head shalll be
subfracted from the pressure measurement. The static
head is calculated by multiplying the sensing line vejrti-
cal height by gravity and the density of the liquid in fthe
sensing line.

All vacuum measurement sensing lines shall slppe
continuously upward from the source to the insfru-
ment. The Code recommends using a purge system that
isolates the purge gas while measuring the procesg A
continuous purge system may be used; however, it shall
be regulated to have no influence on the reading. Pgior
to the test period, readings from all purged instrumgen-
tation should be taken successively with the purge[on
and with the purge off to prove that the purge air has
no influence.

Each pressure transmitter should be installed with{an
isolation valve at the end of the sensing line upstreanp of
the instrument. The instrument sensing line should| be
vented to clear water or steam (in steam service) befpre
the instrument is installed. This will clear the sens-

ing line of sediment or debris. After the instrument is
Had H M

b in

on

hid

4-2.4.2 Installation. Absolute pressure transmit-
ters used for absolute pressure measurements shall be
installed in a stable location to minimize the effects asso-
ciated with ambient temperature, vibration, mechanical
shock, corrosive materials, and RFI. Transmitters should
be installed in the same orientation as when they were
calibrated. If the transmitter is mounted in a position
other than that in which it was calibrated, the zero point
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instatted;—aow—suffietent-timefortquidtofornminthe
sensing line so the reading will be correct.

Once transmitters are connected to the process, a leak
check shall be conducted. For vacuum measurements, the
leak check is performed by isolating first the purge sys-
tem and then the source. If the sensing line has no leaks,
the instrument reading will not change. For nonvacuum
measurements, the leak check is performed using a leak
detection fluid on the impulse tubing fittings.
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Ambient pressure transmitters should be installed
in the same general area and at the same general ele-
vation as the gage pressure transmitters and should
be protected from air currents that could influence the
measurements.

4-2.5 Gage Pressure Measurements

4-2.5.1 Introduction. Gage pressure measurements
ar

height by gravity and the density of the liquid in the
sensing line.

Each pressure transmitter should be installed with an
isolation valve at the end of the sensing line upstream of
the instrument. The instrument sensing line should be
vented to clear water or steam (in steam service) before
the instrument is installed. This will clear the sens-
ing line of sediment or debris. After the instrument is
installed, allow sufficient time for liquid to form in the

pressure-measurements-that are at or above atmaos
r

pheric pressure. These measurements may be made
with gage or absolute pressure transmitters. Gage pres-
sutle transmitters are recommended since they are easier
to falibrate and to check in situ. Typical gage pressure
measurements include gas fuel pressure and process
irn pressure.

(Caution shall be used with low-pressure measure-
ments because they may enter the vacuum region at
paft-load operation.

4-2.5.2 Installation. Gage pressure transmitters
d for gage pressure measurements shall be installed
h stable location to minimize the effects associated
ith ambient temperature, vibration, mechanical shock,
cofrosive materials, and RFI. Transmitters should be
installed in the same orientation as when they were
caljbrated. If the transmitter is mounted in a position
otHer than that in which it was calibrated, the zero point
maly shift by an amount equal to the liquid head caused
by [the varied mounting position. Impulse tubing and
mdunting requirements should be installed in accord-
an¢e with manufacturer’s specifications. In general, the
following guidelines should be used to determine trans-
ifter location and placement of impulse tubing:

1) Keep the impulse tubing as shortfsjpossible.

p) Slope the impulse tubing at least 8 cm/m (1 in./ft)
vard from the transmitter toward the process con-
tion for liquid service.

) Slope the impulse tubing-at least 8 cm/m (1 in. /ft)
lvnward from the transmiitter toward the process con-
tion for gas service

1) Avoid high peintsin liquid lines and low points in
lines.

r) Use impulse tubing large enough to avoid friction
pcts and prevent blockage.

f) Keep.corrosive or high-temperature process fluid
ouf of direct contact with the sensor module and flanges.
In ‘'steam service, the sensing line should extend at

up
ne

do

neq

gag
eff

sensing line so the reading will be correct.
Once transmitters are connected to the procesy, a leak
check shall be conducted. The leak check'is perfformed

using a leak detection fluid on the\impulse|tubing
fittings.
4-2.6 Differential Pressure Measurements

4-2.6.1 Introduction.  Differential pressure| meas-

urements are used to determine the difference in static
pressure between pressure taps in a primary [device.
Differential pressure”transmitters should be used for
these measurements. Typical differential pressurp meas-
urements include the differential pressure of gag fuel or
process return through a flow element or pressyire loss
in a pipe or duct. The differential pressure trarfsmitter
measures the pressure difference or pressure diop that
is tised to calculate the fluid flow.

4-2.6.2 Installation. Differential pressure trpnsmit-
ters used for differential pressure measurements hall be
installed in a stable location to minimize the effeqts asso-
ciated with ambient temperature, vibration, medhanical
shock, corrosive materials, and RFI. Transmitters|should
be installed in the same orientation as when th¢y were
calibrated. If the transmitter is mounted in a position
other than that at which it was calibrated, the zejo point
may shift by an amount equal to the liquid head|caused
by the varied mounting position. Impulse tubing and
mounting requirements should be installed in pccord-
ance with manufacturer’s specifications. In gengdral, the
following guidelines should be used to determinf trans-
mitter location and placement of impulse tubing

(a) Keep the impulse tubing as short as possilple.

(b) Slope the impulse tubing at least 8 cm/m (] in. /ft)
upward from the transmitter toward the procdss con-
nection for liquid service.

(c) Slope the impulse tubing at least 8 cm/m (
downward from the transmitter toward the proc

| in./ft)
PSS CON-

least 0.6 m (2 ft) horizontally from the source before
the downward slope begins. This horizontal length will
allow condensation to form completely so the down-
ward slope will be completely full of liquid.

The water leg is the condensed liquid or water in the
sensing line. This liquid causes a static pressure head to
develop in the sensing line. This static head shall be sub-
tracted from the pressure measurement. The static head
is calculated by multiplying the sensing line vertical
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nection for gas service.

(d) Avoid high points in liquid lines and low points in
gas lines.

(e) Ensure both impulse legs are at the same
temperature.

(f) When using a sealing fluid, fill both impulse legs
to the same level.

(g) Use impulse tubing large enough to avoid friction
effects and prevent blockage.
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Fig. 4-2.6.2-1 Five-Way Manifold
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Fig. 4-2.6.2-2 Water Leg Correction for
Flow Measurement
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(h) Heep corrosive or high-temperature process fluid
out of direct contact with the sensor module and flanges.

In stpam service, the sensing line should extend at
least 0 m (2 ft) horizontally from the source befere
the doynward slope begins. This horizontal length will
allow dondensation to form completely so the down-
ward slope will be completely full of liquid.

Each|pressure transmitter should be installed with an
isolation valve at the end of the sensing.lines upstream
of the ihstrument. The instrument sensing lines should
be vented to clear water or steam/(in steam service)
before [the instrument is installed. This will clear the
sensing lines of sediment or-debris. After the instrument
is installed, allow sufficienttime for liquid to form in the
sensing line so the reading will be correct.

Diffefential pressuire transmitters should be installed
utilizing a five-way manifold, as shown in Fig. 4-2.6.2-1.
This mgnifold‘is\recommended rather than a three-way
manifold bécatise the five-way eliminates the possibil-
ity of lgakage past the equalizing valve. The vent valve

h = differencg in
water leg

©

<
GENERAL NOTE:

For upward flow, Ap,. = APy eas + O — Prind @190

For downward flow, Ap,, = 8Pt = (0umy — Ppipd @/9 N

where
g = local gravitational force per unit mass
~ 9.81mM/s?(32.17 ft/sec?)
g. = gravitational dimensional constant
=4.,00"kg-m)/(N-s2) [32.17 (Ibm-ft)/(Ibf-sec?)]
h =difference in water leg, m (ft)
Ap, L85 measured pressure difference, Pa (Ibf/ft?)
Apy... = true pressure difference, Pa (Ibf/ft?)
P, = fluid density at ambient conditions, kg/m> (Ibm/ft3)
Ppipe = fluid density at conditions within pipe, kg/m3 (Ibm/f3)

the upper sensing line is installed against a steam
water line inside the insulation down to where the loyer
sensing line protrudes from the insulation. The corjec-
tion for the noninsulated case is shown in Fig. 4-2.6.2-2.

For differential pressure transmitters on flow devi
the transmitter output is often an extracted square rpot
value unless the square root is applied in the plant cpn-
trol system. Care should be taken to ensure the squire
root is applied only once.

4-3 TEMPERATURE MEASUREMENT
4-3.1 Introduction

This Subsection presents requirements and gyid-
ance regarding the measurement of temperatyre.
Recommended temperature measurement devices gnd
the calibration and application of temperature measyre-

acts as a telltale for leakage detection past the equalizing
valves.

Once transmitters are connected to process, a leak
check shall be conducted. The leak check is performed
using a leak detection fluid on the impulse tubing
fittings.

When a differential pressure meter is installed on a
flow element that is located in a vertical steam or water
line, the measurement shall be corrected for the differ-
ence in sensing line height and fluid head change unless
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ment devices are discussed. Given the state of the art and
general practice, it is recommended that electronic tem-
perature measurement equipment be used for primary
measurements to minimize systematic and random error.
Factors affecting the uncertainty of the temperature meas-
urement include, but are not limited to, stability, environ-
ment, self-heating, parasitic resistance, parasitic voltages,
resolution, repeatability, hysteresis, vibration, warm-up
time, immersion or conduction, radiation, dynamic, spa-
tial variation, and data acquisition.
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Since temperature measurement technology changes
over time, this Code does not limit the use of other tem-
perature measurement devices not currently available
or not currently reliable. If such a device becomes avail-
able and is shown to be of the required uncertainty and
reliability, it may be used.

All signal cables should have a grounded shield
or twisted pairs to drain any induced currents from
nearby electrical equipment. All signal cables should

(b)
(c)
(d)
(e)

decalibration of thermocouple wire
shunt impedance
galvanic action
thermal shunting
(f) noise and leakage currents
(g) thermocouple specifications
ASME PTC 19.3 describes the operation of the ther-
mocouple as follows:

from

be [nstalled away from EMFE-producing devices such as
mdtors, generators, electrical conduit, cable trays, and
eleftrical service panels.

.2 Required Uncertainty
he required uncertainty depends on the type of

.3 Recommended Temperature Measurement
Devices

hermocouples, resistance tempefature detectors, and
thgrmistors are the recommended temperature measure-
ment devices. Economic, application, and uncertainty
facfors should be considered in the selection of the most
appropriate temperature{measurement device.

4-3.3.1 Thermocouples. Thermocouples may be
usgd to measure~temperature of any fluid above 93°C
(200°F). The maximum temperature is dependent on the
type of thefmocouple and sheath material used.

herniocouples may be used for measurements below

ment location in question and a reference temperature.
The greater this difference, the higher the EMF from the
thermocouple. Therefore, below 93°C (200°F) the EMF
becomes low and subject to induced noise, causing
increased systematic uncertainty and inaccuracy.

Measurement errors associated with thermocouples
typically derive from the following primary sources:

(a) junction connection

23

The-emfdeveloped-by—athe
homogeneous wires will be a function of_the|tem-
perature difference between the measuring ‘anf the
reference junction. If, however, the wires ar¢ not
homogeneous, and the inhomogeneity is presgnt in
a region where a temperature gradient exists, ¢xtra-
neous emf’s will be developed; and the output ¢f the
thermocouple will depend dpon factors in additjon to
the temperature differencedetween the two juncfions.
The homogeneity of thethermocouple wire, therpfore,
is an important fagtorin accurate measurements

—

Dahl (1941) gives the following guidance on the appli-
cation of the thermocouple:

inho-
ever,
hcou-

All basémetal-metal thermocouples become
mogeéneous with use at high temperatures, how
if allthe inhomogeneous portions of the therm
ple’ wires are in a region of uniform temperature,
the inhomogeneous portions have no effect upon
the indications of the thermocouple. Therefote, an
increase in the depth of immersion of a used cpuple
has the effect of bringing previously unheated por-
tion of the wires into the region of temperatur¢ gra-
dient, and thus the indications of the thermocguple
will correspond to the original EMF-temperature
relation, provided the increase in immersion i§ suf-
ficient to bring all the previously heated part ¢f the
wires into the zone of uniform temperature. |f the
immersion is decreased, more inhomogeneoug por-
tions of the wire will be brought into the regipn of
temperature gradient, thus giving rise to a charfge in
the indicated EMF. Furthermore a change in thg tem-
perature distribution along inhomogeneous pottions
of the wire nearly always occurs when a couple is
removed from one installation and placed in angther,
even though the measured immersion and the|tem-
perature of the measuring junction are the safne in
both cases. Thus the indicated EMF is changed f

a 3 electri-
cally isolated from each other, from ground, and from
conductors on which they may be mounted, except
at the measuring junction. When a thermocouple is
mounted along a conductor, such as a pipe or metal

1 ASME PTC 19.3-1974 (R2004), chapter 9, p. 106, para. 70

2 A. L Dahl, “Stability of Base-Metal Thermocouples in Air From
800 to 2200°F,” National Bureau of Standards, Washington, D.C., in
Temperature, Vol. 1, Reinhold: New York, 1941, p. 1238
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structure, special care should be exercised to ensure
good electrical insulation between the thermocouple
wires and the conductor to prevent stray currents in
the conductor from entering the themocouple circuit
and vitiating the readings. Stray currents may fur-
ther be reduced with the use of guarded intergrat-
ing analog-to-digital (A/D) techniques. Further, to
reduce the possibility of magnetically induced noise,
the thermocouple wires should be constructed in a

be promptly corrected. Each reference junction shall be
electrically insulated. When the isothermal—cold junc-
tion reference method is used, it shall employ an accu-
rate temperature measurement of the reference sink
acceptable to the parties to the test. When electronically
controlled reference junctions are used, they shall have
the ability to control the reference temperature to within
+0.03°C (+0.05°F). Particular attention shall be paid
to the terminals of any reference junction since errors

twisted uniform manner.

Thernocouples are susceptible to drift after cycling.
Cycling is the act of exposing the thermocouple to pro-
cess tegperature and removing to ambient conditions.
The mI;ber of times a thermocouple is cycled should
be kep{to a minimum.

Thermocouples can effectively be used in high-vibra-
tion argas such as main or high-pressure inlet steam to
the stepm turbine. High-vibration measurement loca-
tions thay not be conducive to other measurement
deviced. This Code recommends that the highest EMF
per degree be used in all applications. NIST has recom-
mendegl temperature ranges for each specific type of
thermogouple (see subsection 1-4).

4-3.3.1.1 Class 1 Primary Parameters. Thermo-
coupleg used to measure Class 1 primary parameters
shall have continuous leads from the measuring junc-
tion to [the connection on the reference junction. These
high-adcuracy thermocouples shall have a reference
junctiof at 0°C (32°F) or an ambient reference junction
that is yell insulated and calibrated.

4-3.3.1.2 Class 2 Primary Parameters. . Thermo-
coupleg used to measure Class 2 primary jparameters
can haye junctions in the sensing wire. The janction of
the tw@ sensing wires shall be maintained at the same
temperpture. The reference junctionmay be at ambient
temperpture provided the ambient.is measured and the
measutlement is compensated for changes in the refer-
ence jupction temperature.

4-3.3.1.3 Reference“Junctions. The temperature
of the feference junction shall be measured accurately
using dither software or hardware compensation tech-
niques.|The acetracy with which the temperature of the
measutfing junction is measured can be no greater than

ence j ;

perature shall be held at the ice point or at the stable
temperature of an isothermal reference. When thermo-
couple reference junctions are immersed in an ice bath,
consisting of a mixture of melting, shaved ice and water,?
the bulb of a precision thermometer shall be immersed
at the same level as the reference junctions and in con-
tact with them. Any deviation from the ice point shall

3 ASTM MNL 12, chapter 7, “Reference Junctions”

can be introduced by temperature variation, matetial
properties, or by wire mismatching. By calibration,
the overall reference system shall be verified\to have
an uncertainty of less than +0.1°C (+0.2°E), IsSothermnal
thermocouple reference blocks furnished,as part of djgi-
tal systems may be used in accordance‘with this Cpde
provided the accuracy is equivalent.td the electronic fef-
erence junction. Commercial data*acquisition systgms
employ a measured referencé junction, and the accurpcy
of this measurement is incorporated into the manufac-
turer’s specification for-the device. The uncertainty| of
the reference junctionyshall be included in the unger-
tainty calculation of ‘the measurement to determing if
the measurement meets the standards of this Code.

4-3.3.1.4 Thermocouple Signal Measuremeént.
Many dnstruments are available to measure the output
voltage. The use of these instruments in a system| to
determine temperature requires they meet the unger-
tainty requirements for the parameter. It is recqm-
mended that International Temperature Scale of 1p90
(ITS-90) software compensaton techniques be used |for
the thermocouple signal conversion.

4-3.3.2 Resistance Temperature Detectors (RTDs).
Resistance temperature detectors (RTDs) may be uged
in testing from any low temperature to the highest t¢m-
perature depending on the RTDs” mechanical configyra-
tion and the method by which they were manufactuzed.
RTDs can measure temperatures from —270°C to 85(°C
(—454°F to 1,562°F). ASTM E1137 provides standprd
specifications for industrial platinum resistance ther-
mometers that include requirements for manufactyre,
pressure, vibration, and mechanical shock to imprgve
the performance and longevity of these devices.

Measurement errors associated with RTDs typically
derive from the following primary sources:
(a) self-heating

(c) thermal shunting

(d) thermal EMF

(e) instability

(f) immersion

Although RTDs are considered a more linear device
than thermocouples, due to manufacturing technology,
RTDs are more susceptible to vibrational applications.
As such, care should be taken in the specification and
application of RTDs, with consideration for the effect
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on the devices’ stability. Field verification techniques
should be used to demonstrate the stability is within the
uncertainty requirements of para. 4-3.2.

4-3.3.2.1 Class 1 Primary Parameters. Class 1
primary parameters shall be measured with Grade A
four-wire platinum RTDs, as shown in Figure 4-3.3.2.1-
1, illustration (a), if they can be shown to meet the uncer-
tainty as required in para. 4-3.2.

Fig. 4-3.3.2.1-1 Three-and Four-Wire RTDs

Measurement
loop

— —

~ ~
7 N

/ \

Current
/ loop

@%é’taéa

4-3.3.2.2 Class 2 Primary Parameters. Class 2
primary parameters shall be measured with Grade A
thrpe-wire platinum RTDs, as shown in Fig. 4-3.3.2.1-1,
illystration (b), if they can be shown to meet the uncer-
tainty as required in para. 4-3.2. The four-wire technique
is preferred to minimize effects associated with lead
wife resistance due to dissimilar lead wires.

4-3.3.2.3 RTD Signal Measurement. Many instru-
ments are available to measure the output resistance.
The use of these instruments in a system to determine
temperature requires they meet the uncertainty require-
ments for the parameter. It is recommended that the
RTP signal conversion use the Callandar—Van Dusen
equation for curve fitting. The values for the coefficients
a, B, and & should be taken from the calibration coeffi-
ciepts. RTDs should be calibrated in accordance with the
mdthods detailed in NIST Technical Note 1265, subsec-
tiop 4-6.

4-3.3.3 Thermistors. Thermistors are constructed
with ceramic-like semiconducting material thatacts as a
thgrmally sensitive variable resistor. This device may be
us¢d on any measurement below 149°G(300°F). Above
this temperature, the signal is low and susceptible to
errpr from current-induced noise.\Although positive
temperature coefficient units are available, most ther-
mistors have a negative tempetature coefficient (TC);
that is, unlike an RTD, their)resistance decreases with
increasing temperature~The negative TC can be as large
as several percent pefidegree Celsius, allowing the ther-
migtor circuit to détect minute changes in temperature
that could not Be'pbserved with an RTD or thermocou-
ple circuit. As;such, the thermistor is best characterized
for|its sensitivity while the thermocouple is the most
satile and the RTD the most stable.

&astirement errors assoc1ated w1th thermlstors typi-

(a) self- heatmg

(b) environmental factors

(c) thermal shunting

(d) decalibration

(e) instability

(f) immersion

The four-wire resistance measurement is not required
for thermistors as it is for RTDs due to their high resis-
tivity. Thus the measurement lead resistance produces

(a) Four-Wire.RTD

Compensation or lead
resistance loop

/\

Current and
measurement

Np

(b) Three-Wire RTD

an error magnitudes less than the equivalent RTD error.
Thermistors are generally more fragile than RT|Ds and
thermocouples and shall be carefully mounted and han-
dled in accordance with manufacturer’s speciffcations
to avoid crushing or bond separation.

4-3.3.3.1 Thermistor Signal Measurement. | Many
instruments are available to measure the outpuf resist-
ance. The use of these instruments in a system tp deter-
mine temperature requires they meet the unce¢rtainty
requirements for the parameter. It is recommended that
the thermlstor s1gnal conversion use the Stemha Ft—Hart
g ficients
A, B and C should be taken from the cahbratlon coef-
ficients. Thermistor should be calibrated in accordance
with the methods detailed in NIST Technical Note 1265,
subsection 4-6.

4-3.4 Calibration of Primary Parameter Temperature
Measurement Devices

This Code recommends that primary (Class 1 or Class
2) parameter instrumentation used in the measurement
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of temperature have a suitable calibration history (three
or four sets of calibration data). The calibration history
should include the temperature level the device experi-
enced between calibrations. A device that is stable after
being used at low temperatures may not be stable at
higher temperature. Hence, the calibration history of the
device should be evaluated to demonstrate the required
stability of the parameter.

During the calibration of any thermocouple, the ref-

tf = (%jtgo +32

The ITS-90 was designed in such away that the tem-
perature values on it very closely approximate Kelvin
thermodynamic temperature values. Temperatures on
the ITS-90 are defined in terms of equilibrium states of
pure substances (defining points), interpolating instru-
ments, and equations that relate the measured property

erence [unction shall be held constant, preferably at the
ice point, with an electronic or isothermal reference
junction or in an ice bath. The calibration shall be made
by an afceptable method, with the standard being trace-
able to ja recognized national standards laboratory such
as NIS[. The calibration shall be conducted over the
temperpture range in which the instrument is used.

The qalibration of temperature measurement devices
is accomplished by inserting the candidate tempera-
ture mpasurement device into a calibration medium
along with a traceable reference standard. The calibra-
tion mgdium type is selected based on the required cal-
ibration range and commonly consists of either a block
calibrafor, fluidized sand bath, or circulating bath. The
temperpture of the calibration medium is then set to the
calibration temperature set point. The temperature of
the calipration medium is allowed to stabilize until the
temperpture of the standard is fluctuating less than the
accurady of the standard. The signal or reading from
the stapdard and the candidate temperature measure-
ment device are sampled to determine the bias of the
candidpte temperature device. See ASME PTC 19.3 for
a more|detailed discussion of calibration methods.

4-3.5 Temperature Scale

The International Temperature Scale of 1990 (ITS-90)
is realized and maintained by NIST toprovide a stand-
ard scale of temperature for use by 'science and indus-
try in the United States. This scale’was adopted by the
International Committee for Weights and Measures at
its meeting in September 1989, and it became the offi-
cial Infernational Temperature Scale on January 1,
1990. The ITS-90 supérsedes the International Practical
Tempetature Scale. 0f 1968 (IPTS-68), the amended edi-
tion of 1975 [IPTS*68(75)], and the 1976 Provisional 0.5 K
to 30 K|Tempetattre Scale (EPT-76).

Temperatures on the ITS-90 can be expressed in terms
of Intefnational Kelvin Temperatures, represented by

o T, Ihe defining equilibrium states and the valjies
of temperature assigned to them are listed in 'N[ST
Technical Note 1265 and ASTM MNL 12 .

4-3.6 Typical Applications

4-3.6.1 Temperature Measurement of Fluid in a Pip¢ or
Vessel. Temperature measurement-of a fluid in a pjipe
or vessel is accomplished by installing a thermowel]. A
thermowell is a pressure-tight.device that protrudes frpm
the pipe or vessel wall into-the fluid to protect the t¢m-
perature measurement.device from harsh environments,
high pressure, and flows. The thermowell can be installed
into a system by a threaded, socket-weld, or flanged cpn-
nection and has a bore extending to near the tip to fa¢ili-
tate the imndersion of a temperature measurement devjce.
Thermowells should be designed and installed to mnjeet
the requirements of ASME PTC 19.3 TW.
The bore should be sized to allow adequate clearapce
bétween the temperature measurement device and fthe
well. Often the temperature measurement device becorhes
bent, causing difficulty in the insertion of the device.
The bottom of the bore of the thermowell should|
the same shape as the tip of the temperature measyre-
ment device. Tubes and wells should be as thin as pogsi-
ble, consistent with safe stress and other ASME PTC 19.3
TW requirements, and the inner diameters of the wells
should be clean, dry, and free from corrosion or oxide.
The bore should be cleaned with high-pressure air pgior
to insertion of the device.
The thermowell should be installed so that the [tip
protrudes through the boundary layer of the fluid to
be measured. Unless limited by design consideratigns,
the temperature sensor shall be immersed in the flpid
at least 75 mm (3 in.) but not less than one-quartey of
the pipe diameter. If the pipe is less than 100 mm (4 |n.)
in diameter, the temperature sensor shall be arranged
axially in the pipe, by inserting it in an elbow or fee.
If such fittings are not available, the piping should|be

be

the symbol T, or in terms of International Celsius
Temperatures, represented by the symbol t,,. T, values
are expressed in units of kelvin (K), and t,, values in
degrees Celsius (°C). The relation between T, (in K) and
tyo (in °C) is

too = Toy—273.15

Values of Fahrenheit temperature, f; [in degrees
Fahrenheit (°F)], are obtained from the conversion
formula
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modilied to render this possible. Ihe thermowell should
be located in an area where the fluid is well mixed and
has no potential gradients. If the location is near the dis-
charge of a boiler, turbine, condenser, or other power
plant component, the thermowell should be down-
stream of an elbow in the pipe.

If more than one thermowell is installed in a given
pipe location, the second thermowell should be installed
on the opposite side of the pipe and not directly down-
stream of the first thermowell.


https://asmenormdoc.com/api2/?name=ASME PTC 47.4 2015.pdf

ASME PTC 47.4-2015

When the temperature measurement device is
installed, it should be “spring-loaded” to ensure posi-
tive thermal contact between the temperature measure-
ment device and the thermowell.

For Class 1 primary parameter measurements, the
portion of the thermowell or lag section protruding out-
side the pipe or vessel should be insulated, along with
the device itself, to minimize conduction losses. The
locations at which Class 1 primary temperature meas-

Fig. 4-3.6.2-1 Flow-Through Well

urgments are taken for use in determining enthalpy
shall be as close as possible to the points at which the
co;[responding pressures are to be measured.

or measuring the temperature of desuperheated
stepm, the thermowell location relative to the desuper-
hegting spray injection shall be carefully chosen. The
thgrmowell shall be located where the desuperheating
flujd has thoroughly mixed with the steam. This can be
acqomplished by placing the thermowell downstream of
tw¢ elbows in the steam line, past the desuperheating
spijay injection point.

4-3.6.2 Temperature Measurement of Low-Pressure
Flujd in a Pipe or Vessel. As an alternative to installing
a thermowell in a pipe, if the fluid is at low pressure,
thg temperature measurement device can be installed
irpctly into the pipe or vessel, or “flow-through wells”
maly be used.

The temperature measurement device can be installed
irpctly into the fluid using a bored-through-type coms
prygssion fitting. The fitting should be of proper size4o
clamp onto the device. A plastic or Teflon-type ferrule is
recommended so that the device can be removéd-easily
andl used elsewhere. The device shall protrude through
thg boundary layer of the fluid. The device should not
prgtrude so far into the fluid that the“flowing fluid
cayses it to vibrate. If the fluid is a hazardous gas such
as natural gas or propane, the fitting should be checked
for|leaks.

A flow-through well is shown in Fig. 4-3.6.2-1. This
arrpngement is applicable Jonly for water in a cooling
sygtem where the fluid.is not hazardous and the fluid
car} be disposed of-without great cost. The principle is to
allpw the fluid t0flow out of the pipe or vessel, over the
of the temperature measurement device.

a
=

&
5

4-3.6:3 Temperature Measurement of Products of
bustion in a Duct. Measurement of the fluid tem-

Measurement
device
Cork
Fluid
tobhe
measured
Hluid

uncertainty of the valuef the average temperatyre. The
total uncertainty of the\average temperature is gffected
by the uncertainty of the individual measurements, the
number of points(tised in the averaging procgss, the
velocity profile, the temperature gradients, and the time
variation ofthe readings. The parties to the test|should
locate the\measurement plane at a point of unifogm tem-
peraturés and velocities to the extent practical] Points
should be located every 0.84 m? (9 ft?) or less|with a
minimum of 4 points and a maximum of 36 poirts.
ASME PTC 19.1 describes the method of calqulating
the uncertainty of the average of multiple mleasure-
ments that vary with time.
For circular ducts, the points should be installed in
two diameters 90 deg from each other, as show} in Fig.
4-3.6.3-1, which also shows the method of calqulating
the measurement-point spacing. The point spgcing is
based on locating the measurement points at the cen-
troids of equal areas.
For square or rectangular ducts, the same corjcept of
locating the measurement points at centroids df equal
areas should be used. The measurement points|should
be laid out in a rectangular pattern that takes into
account the horizontal and vertical temperatyre gra-
dients at the measurement cross section. The djrection
with the highest temperature gradient should hiave the
closer point spacing.

4-3.6.4 Temperature Measurement of Inlet Aif. The
temperature of air crossmg the test boundary at|the gas

to minimize the uncertainty effects of temperature gra-
dients. Typically, the duct pressures are low or negative
so that thermowells or protection tubes are not needed.
A long sheathed thermocouple or an unsheathed ther-
mocouple attached to a rod will suffice.

The number of measurement points necessary is
determined experimentally or by experience from the
magnitude of the temperature variations at the desired
measurement cross section and the required maximum
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temperature measurement is sub]ect to spatlal varia-
tions. As such, the number and location of temperature
measurement devices should be determined such that
the overall measurement uncertainty of the average
inlet air temperature measurement devices is less than
0.5°C (1°F). Due to the shape of the inlet system, air at
the compressor inlet bellmouth has a better chance of
mixing, and therefore, temperature measurements taken
close to the compressor inlet bellmouth provide a more
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Fig. 4-3.6.3-1 Duct Measurement Points
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hdicate location of sample points. To calculate the distance from sampling point to center of pipe, use the following equation:

=7total number of points

=R |:2(2p—1)

n

)

= TT X' R?]A_ . rounded to the next muliiple of 4, but no fewerthan 4 and no more than 36, where
A.max = Maximum area per centroid
= 0.8 m? (ft?)

p = sampling point number, to be numbered from the center outward; all four points on the same circumference have the same

number

R = radius of duct (in the same units as rp), m (ft)

= distance from center of duct to point p, m (ft)

28
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representative distribution of the temperature profile.
Spatial variation effects are considered errors of method
and contributors to the systematic uncertainty in the
measurement system. ASME PTC 19.1 should be con-
sulted for the determination of the uncertainty associ-
ated with spatial variation.

4-4 HUMIDITY MEASUREMENT

4-4.3 Recommended Humidity Measurement Devices

Relative humidity transmitters, wet and dry bulb
psychrometers, and chilled-mirror dew point meters
are the recommended humidity measurement devices.
Economic, application, and uncertainty factors should
be considered in the selection of the most appropriate
humidity measurement device.

4-4.1 Introduction

his subsection presents requirements and guidance
regarding the measurement of humidity. Recommended
humidity measurement devices and the calibration and
application of such devices are also discussed. Given the
stafe of the art and general practice, it is recommended
that electronic humidity measurement equipment be
usgd for primary measurements to minimize systematic
andl random error. Factors affecting the uncertainty of
humidity measurement include, but are not limited to,
resplution, stability, environment, temperature meas-
urgment errors, pressure measurement errors, warm-up
time, spatial variation, nonlinearity, repeatability, analog
oufput, and data acquisition.
Since humidity measurement technology changes
over time, this Code does not limit the use of other
humidity measurement devices not currently available
or hot currently reliable. If such a device becomes avail-
able or is shown to be of the required uncertainty and
relfability, it may be used.
Measurements to determine moisture content shall
be Imade in proximity to measurements of ambient dry
bulb temperature to provide the basis for determination
of air properties.
All signal cables should have a gtounded shield
twisted pairs to drain any induced currents from
nearby electrical equipment. All sighal cables should
be [installed away from EMF-producing devices such as
mdtors, generators, electrical eenduit, cable trays, and
eleftrical service panels.

or

4-1

The required~uncertainty depends on the type of
patameters and-variables being measured. Refer to
pafas. 4-1.2.2 and 4-1.3.1 for discussion on measurement
clapsification and instrumentation categorization.

(lass1 primary parameters and variables shall be

stred wwith humidity measurement deszices that
J

.2 Required Uncertainty

m

44,31 Relative Humidity Transmitters——
4-4.3.1.1 Application. Relative humidity
mitters employ specifically selected hydrophilic
als. As the humidity changes at the ambienttempgrature,
the material exchanges enough moisturé to regajn equi-
librium, and corresponding measurable changes occur
in the electrical resistance or capacitance of the|device.
Commercially available relatiVe humidity trhnsmit-
ters use sensors with a wide variety of hygrpscopic
substances, including €lectrolytes and substpntially
insoluble materials: “Relative humidity trangmitters
are commonly employed for the direct measyrement
of parameters such as relative humidity and dfy bulb
temperature and use a thin polymer film as thg sensor
to absorbWater molecules. These instruments afe often
microptocéssor based and from the parameters |of rela-
tive htimidity and dry bulb temperature, variables such
as“dew point temperature, absolute humidity, [mixing
ratio, wet bulb temperature, and enthalpy may bp calcu-
lated. In cases where the instruments output mpisture-
indicating parameters or variables that are usedl in the
calculation of the test results (primary paramnjeter or
primary variable), the instrument’s internal galcula-
tion formulas and basis shall be verified to demgnstrate
compliance with the uncertainty requirements detailed
in para. 4-4.2. Relative humidity transmitters typically
provide accuracy specifications that include noflinear-
ity and repeatability over relative humidity (RH) con-
ditions (i.e., +2% RH from 0% to 90% RH and #3% RH
from 90% to 100% RH).

The application of relative humidity transm
highly sensitive to temperature equilibrium as
difference between the measured object and
causes an error. This error is greatest when the s
colder or warmer than the surroundings and the
ity is high.

The sensor location should be selected so as to mini-
mize sensor contamination. Air should circulatg freely
around the sensor. A rapid airflow is recommended as

trans-
materi-

tters is
h small

sensor
PNSOr is
humid-

determine relative humidity to an uncertainty of no
more than 2 percentage points or 0.39°C (0.7°F) wet bulb.

Class 2 primary parameters and variables shall be meas-
ured with humidity measurement devices that determine
relative humidity to an uncertainty of not more than
4 percentage points or 0.76°C (1.37°F) wet bulb.

Secondary variables can be measured with any type
of humidity measurement device.
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it ensures that the sensor and the surroundings are at
temperature equilibrium. The installation orientation
should be in accordance with the device manufacturer’s
specifications.

Measurement errors associated with hygrometers
typically derive from the following primary sources:

(a) sensor contamination

(b) analog output

(c) installation location


https://asmenormdoc.com/api2/?name=ASME PTC 47.4 2015.pdf

ASME PTC 47.4-2015

(d) temperature fluctuation
(e) inaccurate calibration
(f) insufficient display resolution

4-4.3.1.2 Calibration. Relative humidity trans-
mitters shall be calibrated using one of two methods. The
first method involves calibrating against high-quality,
certified humidity standards to achieve the maximum
achievable accuracy. The second method calibrates with

is required for measurement of wet bulb temperature).
If the air velocity across the sensing element is greater
than 7.6 m/s (1,500 ft/min), shielding of the sensing ele-
ment is required to minimize stagnation effects.

The thermodynamic wet bulb temperature is the air
temperature that results when air is adiabatically cooled
to saturation. Wet bulb temperature can be inferred by
a properly designed mechanically aspirated psychrom-
eter. The process by which a psychrometer operates is

certifieql salt solutions that may include lithium chloride
(LiCl), magnesium chloride (MgCl,), sodium chloride
(NaCl){and potassium sulfate (K,SO,). During calibra-
tion, thp temperature of the sensor and that of the meas-
ured oljject shall be in equilibrium to minimize the error
associafed with the temperature equilibrium. Further,
when ysing the second method, the equilibrium humid-
ity of the salt solutions shall be corrected for the tem-
peratuge of the solution using Greenspan’s calibration
Correctf)ns or equivalent.

Relative humidity transmitters shall be calibrated to
meet the uncertainty requirements in specific humidity
as desaribed in para. 4-4.2. This shall be demonstrated
with the application of an uncertainty analysis with
considgration for the uncertainty associated with other
d parameters, including barometric pressure
ient dry bulb or wet bulb temperature.

chromsgter consists of two temperature sensors and uses
the temperature effects caused by latent heat exchange:
One semsor measures the ambient dry bulb temperature;
the other is covered with a clean wick or other absarbent
materidl, which is wetted and the resulting evaporation
cools iff to the wet bulb temperature. Traditionally, the
temperpture sensors are resistance temperature detec-
tors or|thermistors, as discussed in(paras. 4-3.3.2 and
4-3.3.3,|respectively. The temperature sensors shall be
shieldef from solar and other §ources of radiation and
shall hgve a constant airflow actoss the sensing element.

Sling| psychrometers arg\stisceptible to the effects of
radiatign from the surroundings and other errors, such
as thos¢ resulting from*faulty capillary action. If using a
sling psychrometeryit is important that the instrument
is whirled for a‘sufficient number of times until the wet
bulb tgmperature reaches a steady minimum value.
Once this-oecurs, it is imperative that the temperature
be readlgrteldyavith-considerationforinertdal effectson
the temperature element in the case of a liquid-in-glass
thermometer to minimize observation errors. The use of
an average temperature from at least three observations
is advisable.

Although not required, a mechanically aspirated
psychrometer, as described in (a) through (e) below, is
recommended. If a psychrometer is used, a wick should
not be placed over the dry bulb temperature sensor (as
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not adiabatic saturation, but one of simultaneous heat
and mass transfer from the wet bulb sensing elemgnt.
The resulting temperature achieved by a psychromgter
is sufficiently close to the thermodynamic Wet bulb
temperature over most range of conditions. Howeyer,
a psychrometer should not be used for temperatyres
below 5°C (40°F) or when the relative humidity is less
than 15%. Within the allowabletanige of use, a propgrly
designed psychrometer cangprovide a determinatior} of
wet bulb temperature with'\ah uncertainty of appr
mately +0.14°C (+0.25°E)(based on a temperature sen-
sor uncertainty of +0.08°C (+0.15°F).

The mechanically* aspirated psychrometer sho
incorporate the'following features:

(1) The sensing element is shielded from direct s
light and any other surface that is at a temperature other
than the dty bulb temperature. If the measurement i
be made in direct sunlight, the sensor shall be enclo
by ‘a'double-wall shield that permits the air to be drajvn
across the sensor and between the walls.

(b) The sensing element is suspended in the airstrepm
and is not in contact with the shield walls.

(c) The sensing element is snugly covered by a cldan,
cotton wick that is kept wetted from a reservoir of dlis-
tilled water. The length of the wick shall be sufficien
minimize the sensing element stem conduction effe
and ensure it is properly wetted.

(d) The air velocity across the sensing element
maintained constant in the range of 240 m/min
360 m/min (800 ft/min to 1,200 ft/min).

(e) Air is drawn across the sensing element in sfich
a manner that it is not heated by the fan motor or other
sources of heat. The psychrometer should be locateg
least 1.5 m (5 ft) above ground level and should not
located within 1.5 m (5 ft) of vegetation or surface wa

is
to

— installation location
radiation
conduction

4-4.3.2.2 Calibration. The temperature sensors of
wet and dry bulb psychrometers shall be calibrated in
accordance with para. 4-3.4 and shall meet the uncer-
tainty requirements in specific humidity as described in
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para. 4-4.2. This shall be demonstrated with the appli-
cation of an uncertainty analysis with consideration for
the uncertainty associated with other measured param-
eters, including barometric pressure.

4-4.3.3 Chilled-Mirror Dew Point Meters
4-4.3.3.1 Application. The dew point tempera-
ture is the temperature of moist air when it becomes
saturated at the same ambient pressure. The dew point

4-5.1 Water and Steam

4-5.1.1 Water Measurement Preferred. Water flows
can be measured more accurately than steam flows.
Whenever possible, it is best to configure the tests so
that water flows are measured and used to calculate
steam flows. The usual method of determining flow is
with a mass (Coriolis) flowmeter or a differential pres-
sure meter, using two independent differential pressure

mstruments

temiperature may be measured with chilled-mirror
dey point meters. The operation of these instruments
is hased on the establishment of the temperature corre-
sp¢nding to the onset of condensation. The meter deter-
mihes the partial pressure of water vapor in a gas by
dirpctly measuring the dew point temperature of the
gag. The temperature of the sensor surface or mirror is
manually or automatically adjusted until condensation
forms as dew or frost. The condensation is controlled at
equilibrium, and the surface temperature is measured
with a high-accuracy temperature device. Commercially
avgilable chilled-mirror dew point meters use a piezo-
eleftric quartz element as the sensing surface. A surface
acqustic wave is generated at one side of the quartz sen-
sorjand measured at the other. Chilled-mirror dew point
metters require a sampling system to draw air from the
sathpling location across the chilled mirror at a con-
trolled rate. Commercially available chilled-mirror dew
point meters measure the dew point temperature with
acquracy ranges of +0.1°C to +1°C (x0.2°F to +2°F) ovet:
a dew point temperate range of —75°C to 60°C (-103°F
to 140°F).
easurement errors associated with chilled=mirror

point meters typically derive from the following
ary sources:

sensor contamination

analog output

installation location

inaccurate calibration

insufficient display resolution

de
pri
1)
p)
c)
(1)
)

4-4.3.3.2 Calibration. Chilled-mirror dew point
meters shall be (Calibrated to meet the uncertainty
requirements inf specific humidity as described in para.
4-42. This shall be demonstrated with the application
of pn uncettainty analysis, with consideration for the
ungertainty associated with other measured parameters,
induding barometric pressure and ambient dry bulb

4-5.1.2 Class 1 Measuring Devices. Theflow|section
with a throat tap nozzle as described in|ASMH PTC 6
is recommended for the Class 1 primary flow mleasure-
ments when the test Reynolds numbers are greater than
the maximum calibrated Reynelds number.

4-5.1.3 Other Flow-Measuring Devices. Inform-
ation relative to the«€onstruction, calibration, and
installation of other flow-measuring devices gppears
in ASME PTC 19.5;Fhese devices can be used f¢r Class
2 flow measurements and for secondary flow mfeasure-
ments. They,can also be used for Class 1 primayy flow
measurement when Reynolds number extrapolption is
not requiréd.

(aA)s€lass 1 primary flow measurement gequires
calibration.

(b) For Class 2 primary and secondary flo
appropriate reference coefficient for the actual
given in ASME PTC 19.5 may be used.

s, the
device

4-5.1.4 Water Flow Characteristics. Flow mjeasure-
ments shall not be undertaken unless the flow ig steady
or fluctuates only slightly with time. Fluctuafions in
the flow shall be suppressed before the beginning of a
test by careful adjustment of flow and level controls or
by introducing a combination of conductance, puch as
pump recirculation, and resistance, such as thfottling
the pump discharge, in the line between the piilsation
sources and the flow-measuring device. Hydraulic
damping devices on instruments do not eliminatp errors
due to pulsations and, therefore, should not be ysed.

In passing through the flow-measuring devjce, the
water should not flash into steam. The minimum throat
static pressure shall be higher than the saTIlration
pressure corresponding to the temperature of tHe flow-
ing water by at least 20% of the throat velocity lread, to

avoid cavitation.

tenTperature or wet bulb temperature.

4-5 FLOW MEASUREMENT

For information about flow-measuring devices, refer
to the ASME MEFC series for differential measuring
devices (orifice plates, venturis, and nozzles) and ASME
PTC 19.5 for all other flow measurements.
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4-5.1.5 Steam Flow Characteristics

(1) In passing through the flow-measuring device,
the steam shall remain superheated. For steam lines with
desuperheaters, the flow section should be installed
ahead of desuperheaters and the total flow should be
determined from the sum of steam flow and the desu-
perheater water flow.
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(b) The calculation of steam flow through a nozzle,
an orifice, or a venturi should be based on upstream
conditions of pressure, temperature, and viscosity. To
avoid the disturbing influence of a thermowell located
upstream of a primary element, downstream measure-
ments of pressure and temperature can be used to deter-
mine the enthalpy of the steam, which is assumed to be
constant throughout a well-insulated flow measurement
section. Based on this enthalpy and the upstream pres-

Fuel analyses should be completed on samples taken
during testing. The lower and higher heating value of
the fuel and the specific gravity of the fuel should be
determined from these fuel analyses. The specific grav-
ity should be evaluated at three temperatures covering
the range of temperatures measured during testing. The
specific gravity at flowing temperatures should then be
determined by interpolating between the measured val-
ues to the correct temperature.

sure, the desired upstream properties can be computed
from the steam tables.

4-5.16 Enthalpy Drop Method for Steam Flow
Determjnation. The enthalpy drop method may be used
to detegmine steam flow but is applicable only to noncon-
densing or back-pressure turbines having a superheated
exhaus{. Separate generator tests shall be available from
which ¢lectrical losses can be computed, or their design
value shall be agreed upon. The parties to the test shall
assign gnd agree upon values for the mechanical losses of
the turlpine. The steam flow is calculated from an energy
balancq based on measurements of pressure and tem-
perature of all steam entering and leaving the turbine,
including consideration of leak-offs, generator output,
and thg agreed-upon mechanical and electrical losses.

4-5.17 Additional Flow Measurements. There are
instancps when it is desirable to measure the flow rate
of a tw¢-phase mixture. ASME PTC 12.4 describes meth-
ods for|measurement of two-phase flow.

4-5.2 |
Liqu

iquid Fuel

d fuel flows shall be measured using flowmmeters
that ar¢ calibrated throughout their Reynolds number
range ¢xpected during the test using the actual flow.
For volime flowmeters, the temperature of the fuel also
shall b¢ accurately measured to cortectly calculate the
flow. Other flowmeters are permitted if a measurement
error of 0.7% or less can be achieved.

Use ¢f oil flowmeters istrécommended without tem-
peratute compensation.sThe effects of temperature on
fluid dpnsity can be-accounted for by calculating the
mass flow based_on-the specific gravity at the flowing
temperpture.

qmlz =P (60) qv (Sg)

4-5.3 Gas Fuel

Gas fuel flows may be measured using a‘number
devices that will not exceed a total uncertainty of 0.
The list includes orifices, turbines, and ‘ultrasonic 4nd
mass (Coriolis-type) flowmeters. While some volun
ric flow-measuring devices requdire”a fuel analysis
determine density, a direct mass flowmeter will be aple
to respond faster to changes'ifigas fuel composition.

ASME PTC 19.5 detailsithe calculation of the unger-
tainty of an orifice-metering run manufactured 4nd
installed correctly. “The manufacturer requiremenf is
to demonstratesthat the meter was manufactured| in
accordance withthe appropriate references, showr| in
para. 4-5.3.1,

Uncertainty of turbine meters is usually by statemlent
of the manufacturer as calibrated in atmospheric aiyf or
water,) with formulations for calculating the increaged
uncertainty when used in gas flow at higher tempdra-
tures and pressures. Sometimes, a turbine meter is cpli-
brated in pressurized air. The turbine meter calibratjon
report shall be examined to confirm the uncertainty] as
calibrated in the calibration medium.

4-5.3.1 Calculation of Gas Fuel Flow Using an Orifice.
The requirements described in this paragraph are [for
calculation of gas fuel flow using measurements frpm
a flange-tapped orifice meter. The orifice-meterjng
run shall meet the straight-length requirements| of
ISO 5167-2, and the manufacturing and other instajla-
tion requirements of ASME MFC-3M. These include fir-
cularity and diameter determination of orifice and pipe,
pipe surface smoothness, orifice edge sharpness, plate
and edge thickness, and other requirements detailed in
ASME MFC-3M. The calculations shall be done in stfict
accordance with ASME MFC-3M.

4-5.3.2 Turbine Meters for Gas Fuel Flow Measure-

where
60 = minutes per hour, min/hr
q,,, = mass flow, kg/h (Ibm/hr)
g, = volume flow, m3/min (gpm)
sg = specific gravity at flowing temperature,

dimensionless
p = density of water at 15.6°C (60°F)
= 998.99 kg/m? (8.34 Ibm/gal)
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ment. Use of turbine meters is one alternative to ori-
fice gas flow measurement. The turbine meter measures
actual volume flow. The turbine meter rotates a shaft con-
nected to a display. Through a series of gears, the rota-
tional shaft speed is adjusted so that the counter displays
in actual volume units per unit time, e.g., cubic meters
(cubic feet) per minute. This value shall be adjusted to
mass flow units, e.g., kilograms (pounds) per hour.
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chromatograph or by sampling the stream periodically
(at least three samples per test) and analyzing each sam-
ple individually for heating value. The analysis of gas,
either by online chromatography or from laboratory
samples, in accordance with ASTM D1945 results in the
amount and kind of gas constituents, from which heat-
ing value is calculated. Liquid fuel heating value may
be determined by calorimeter in accordance with ASTM
D4809.

s = 6qup 13
where
60 = minutes per hour, min/hr
9,s = mass flow, kg/h (Ib/hr)
g, = actual volume flow, m3/min (ft/min)
p; = density at flowing conditions, kg/ m? (Ib/ft3)
_ P f Mrair 58
Z,RT,
where
Mr,,. = molecular weight of standard air,
28.96 kg/kg mol (Ib/Ib mol)
p; = pressure of gas, Pa (psia)
R = universal gas constant
= 8314.46 (Pa-m%)/ (kg mol-K)
[10.73 (psia-ft?)/ (Ib mol-°R)]
sg; = gas ideal specific gravity,
dimensionless
Tf = absolute temperature of gas, K (°R)
Z; = gas compressibility factor, dimen-
sionless [developed from NIST
Reference Fluid Thermodynamic
and Transport Properties
Database (REFPROP)]
4-¢ PRIMARY HEAT INPUT MEASUREMENT

4-4.1 Consistent Solid Fuels

The composition of the syngas used in this Code
depends on the consistency of the solid fuel entering the
gadifier. Consistent solid fuels are defined as those with
a hpating value that varies less than 2.0% ovérjthe course
of g performance test. It is therefore recommended dur-
ing the performance test of the power island to maintain
a cpnsistent input of the design solid\fuel.

4-6

Consistent liquid or gaseous fuels are those with
heating values that vaty)less than 1.0% over the course
of p performance tést."Since liquid and gas flows and
hegting values ean be determined with high accuracy,
theg heat input\from these type fuels is usually deter-
ifhed by direct measurement of fuel flow and the lab-
orgtory-et ‘online-chromatograph-determined heating
e. 'The heat input of consistent liquid or gaseous

.2 Consistent Liquid or Gaseous Fuels

fuels.

Homogenous gas and liquid fuel flows are usually
measured directly for gas-turbine-based power plants.

Subsection 4-4 includes a discussion of the measure-
ment of liquid and gaseous fuel flow. Should the direct
method be used, the flow is multiplied by the heating
value of the stream to obtain the facility heat input to the
cycle. The heating value can be measured by an online
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4-6.3 Gaseous Fuel Sampling

The sampling point shall be located as,close
sible to the test boundary, upstream,of the meterjng sec-
tion such that the gas sample represents the gas flowing
through the flowmeter device/Also, the fuel sgmpling
location shall be as far downstream as possible of all
processes outside of the testboundary that may|change
the composition of theygas, such that the samplgs are a
true representation of'the fuel entering the flow|section
and/or crossing thetést boundary.

The proper sampling of the gas fuel is imjportant,
since gas composition determines its density arjd heat-
ing values, the two most significant contributorp in the
calculation of the heat rate. It is therefore necegsary to
develop a test procedure describing a consistent nethod
of sampling gas in the gas piping system. The splecifica-
tion should cover the collection, conditioning, apd han-
dling of representative samples of the fuel gas jstream.
ASME PTC 22 provides a sample of such procedfire that
addresses only spot sampling of dry natural gas} which
does not contain heavy hydrocarbon componefts that
may become liquid at room temperature. The| proce-
dure described herein is the purging — fill-and-empty
— method due to its simplicity and minimal eqi4ipment
requirement.

An alternative method is the use of online gas ana-
lyzers, which use gas chromatography for dete‘]]mining

as pos-

the gas composition on a discrete basis. The eqiipment
usually includes several analyzers capable of iglentify-
ing hydrocarbons up to C12 plus conventional pnalyz-
ers for nitrogen (N,), carbon dioxide (CO,), sulfur, and
moisture content. The rate of sampling may vafy from
2 min to 15 min. The accuracy of the compositjon can
achieve 1 ppm. Some more sophisticated systerhs offer
processing units loaded with software packages fapable
of providing already calculated values for densi
i .The so-called pr
capable of operating in a rugged environment, provid-
ing continuous reliable operation, with relatively simple
maintenance.

The methods described in ASTM D1945 should be
used to analyze natural gas, and the methods described
in ASTM D7833 should be used to analyze syngas.

Alarge number of samples taken by the online analyz-
ers during a test may reduce the temporal measurement
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uncertainty associated with spot sampling. In addition,
online analyzers eliminate the errors associated with
human sampling techniques and the potential for mis-
haps during handling and shipping to laboratories.

The use of online analyzers for performance testing
is suggested if proper calibration of the analyzer is con-
ducted prior to the test. It is also recommended that an
audit be conducted comparing the results of the online
system with a laboratory analysis of samples taken at

methods required for use on three-phase systems are as
follows:

(a) for three-wire power systems: two single-phase
meters or one two-phase meter

(b) for four-wire power systems: three single-phase
meters or one three-phase meter

NOTE: These categories are for minimum metering requirements;
three-wire power systems can also employ three single-phase
meters or one three-phase meter.

the sanje time as the performance test.

4-7 ELECTRICAL GENERATION MEASUREMENT
4-7.1 Introduction

This jsubsection presents requirements and guidance
regardihg the measurement of electrical generation.
Power putput should be measured by sufficient instru-
mentatfon to ensure that no additional uncertainty is
introdyced due to the metering method under all condi-
tions of the test.

The 4cope of this subsection includes

(a) the measurement of polyphase (three-phase)
alternafing current (AC) real and reactive power output.
Typically, the polyphase measurement will be net or
overallplant generation, the direct measurement of gen-
erator qutput (gross generation), or power consumption
of large plant auxiliary equipment (such as boiler feed
pump dlrives).

(b) the measurement of direct current (DC) power
output| Typically, the DC measurement will be on the
generafor side of any connections to the power circuithby
which power can enter or leave the circuit and as clese
to the generator terminals as physically possible:

ANS|/IEEE Standard 120 is referenced f¢r ineasure-
ment rdquirements not included in this subsection or for
any addlitionally required instruction.

4-7.2 Polyphase AC Electrical Measurement System

Connections

The fonnection of the frimary elements for meas-
uremerjt of polyphase "AC power systems is subject
to required uncertainty and the anticipated degree of
unbalafice between.phases. Many different connections
can be pised formeasuring polyphase AC; however, the
connecfions covered in this Code are for three-wire- or
four-wire-type systems and are recommended for meet-
ing the i i i

The fundamental principle on which polyphase AC
power measurement is based is Blondel’s theorem.
This theorem states that for a system of N conductors,
the total power can be measured by N — 1 wattmeter
elements. This is true for any condition of load unbal-
ance. It is evident, then, that the electrical connections
of the generator to the system govern the selection of
the metering system. Hence, the minimum metering
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Three- and four-wire power systems are definéd|by
connections between the generator and transformers:
wye—delta, delta—wye, wye-wye, or delta—delta. The
type of connection and the site arrangement should| be
reviewed before deciding which power*metering dys-
tem is suitable to a given measdrement application.
Paragraphs 4-7.2.1 and 4-7.2.2-{escribe each of these
systems and how the measurenyents are made.

4-7.2.1 Three-Wire Power Systems. Various th
wire power systems\jafe described below. See
4-7.2.1-1.

(a) Open Delfa. The open delta—connected gengra-
tor has no néutral or fourth wire available to facilifate
a neutral coriductor; hence, it can be connected only in a
three-wire.connection. The open delta-connected gerjer-
ator is common since it is associated with a higher lgvel
of\reliability (if one winding fails open, the other two
car still maintain full line voltages to the load).

(b) High-Impedance Grounded Wye. A common thiee-
wire system is a wye-connected generator with a high-
impedance neutral grounding device. The genergtor
is connected directly to a transformer with a delta 1ri—
mary winding, and load distribution is made on the
secondary, grounded-wye side of the transformer. Any
load unbalance on the load distribution side of the
generator transformer is seen as neutral current in fhe
grounded-wye connection. On the generator side of the
transformer, the neutral current is effectively filtefed
out due to the delta winding, and a neutral condudtor
is not required.

(c) Low-Impedance Grounded Wye. Another type
three-wire system utilizes a wye-connected gengra-
tor with a low-impedance neutral grounding resisfor.
In this case, the generator is connected to a three-wi
load distribution bus and the loads are connected either
phase to phase, single phase, or three-phase delta. T

ndin istor is si A
fault current.

(d) Ungrounded Wye. Aless common example of a three-
wire system is an ungrounded wye generator used with
a delta-wye grounded transformer. The ungrounded
wye connector, in most cases, is not allowed under the
National Electric Code (NFPA 70), since it is suscepti-
ble to impulses, ringing transients, and faults that cause
high voltages to ground.

ce-

ig.
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Fig. 4-7.2.1-1 Three-Wire Metering Systems

CT1
228 Phase A
Wye Winding A
generator
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|_| 1 ] ] T ,C.:T,3. T Phase C
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or ungrounded OA10 V1 A3 V3
(a) Connections for Two Wattmeters or One Two-Element Watt-Hour Meter
CT1 ~ Phase A
Wye Winding A
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Winding
B CT2
Winding - Phase B
C BEBEN L i
D d ,CVIE\ N Phase C
= LVJPH PT2 L) PT3
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(b) Connections for Three Wattmeters 0t One Three-Element Watt-Hour Meter
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C-A

N
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(¢) Connections for Two Wattmeters or One Two-Element Watt-Hour Meter
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C-A

O
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B-C

| — )

]
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3
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(d) Connections for Three Wattmeters or One Three-Element Watt-Hour Meter
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Fig. 4-7.2.2-1 Four-Wire Metering System

CT1

~N Phase A
(I
Winding A
Wye
generator
Winding
B
Winding cT2 Phase B
[ U < C — U
] ,/ 13 ~ Phase C
] 0 ] s 0O Va J ] N Neutral

W)

PT1

r of three-wire power systems can be measured
wo open delta—connected potential transform-
) and two current transformers (CTs). The open
etering system is shown in Fig. 4-7.2.1-1. These
ent transformers are connected to two wattme-
0 watt-hour meters, or a two-element watt-hour

var-type meter is the recommended method to

reactive power to establish the power factor.
factor, PF, is then determined as follows:

Powsg
using 4
ers (PT
delta nj
instru
ters,
meter.
measu
Power

watts,

PF = 53
|:wat’cs,2 +vars,ZJ ‘

where
vars
wattg

total vars
total watts

t

Alternatively, for balanced /thrée-phase sinusoidal
circuits) power factor, PF, may, be calculated from the
phase-fo-phase power measurement, as follows:

1

A1l m A2 (;/:L OA3 l:;l

Connections for three wattmeters or one three-element watt-hour meter

[
\LAAIPTZ PT3

(b) In the second type, net plant generation is me
ured somewhere other than at the generator, such a
the high side of the step-up transformer. In this case,
neutral is'simulated by a ground.

In addition, with the exception of the open delta g
eratorconnection, all of the three-wire systems descril
in'para. 4-7.2.1 can also be measured using the four-wi
measurement system described in this paragraph.

In a four-wire power system, power is measufed
using three PTs and three CTs, as shown in Fig. 4-7.2.2-1.
These instrument transformers are connected to thiree
wattmeters or var meters, three watt-hour or var-hpur
meters, or a three-element watt-hour or var-hour mefer.
The var meters are necessary to establish the power fac-
tor, PF, as follows:

watts,

Jwatts,” + vars,’
where

vars, = total vars for three phases

PF

PF = watts, = total watts for three phases
2
N (watts,., — watts, ,) Alternatively, power factor, PF, may be determined by
(watts,_, + wattsH) measuring each phase current and voltage, with the fol-
lowing equation:
where
watts L = real pawer I\h;\cp 1t 2 DL — watts,
watts, , =  real power phase 3 to 2 Vil

4-7.2.2 Four-Wire Power Systems. A typical four-
wire power-metering system is shown in Fig. 4-7.2.2-1.
There are two types of four-wire power systems, as
follows:

(a) In the first type, generator output is desired from
a wye-connected generator with a solid or impedance
ground through which current can flow.
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where
I, = phase current for each of the three phases
V, = phase voltage for each of the three phases

4-7.3 Electrical-Metering Equipment

There are four types of electrical-metering equip-
ment that may be used to measure electrical energy:
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wattmeters, watt-hour meters, var meters, and var-hour
meters. Single or polyphase metering equipment may
be used. However, if polyphase equipment is used, the
output from each phase shall be available or the meter
shall be calibrated three phase.

4-7.3.1 Wattmeters. Wattmeters measure instan-
taneous active power. The instantaneous active power
shall be measured frequently during a test run and

the total reactive electrical energy (kilovar-hours) be
desired, the average power shall be multiplied by the
test duration in hours.

Var meters measuring a Class 1 or Class 2 primary
variable shall have an uncertainty equal to or less than
0.5% of reading. There is no metering accuracy require-
ment for measurement of secondary variables. The
output from the var meters shall be sampled with a fre-
quency high enough to attain an acceptable precision.

av¢raged over the test run period to determine aver-
age power (kilowatts) during the test. Should the total
actjve electrical energy (kilowatt-hours) be desired, the
av¢rage power shall be multiplied by the test duration
in hours.

attmeters measuring a Class 1 primary variable such
as het or gross active generation shall have an accuracy

to attain an acceptable precision. This is a function of the
vafiation of the power measured. A general guideline is
a fiequency of not less than once per minute.

4-7.3.2 Watt-Hour Meters. Watt-hour meters meas-
urq active energy (kilowatt-hours) during a test period.
The measurement of watt-hours shall be divided by

he resolution of watt-hour meter output is often so
that high inaccuzaciés can occur over a typical test

4-7.3.3 Var Meters. Var meters measure instantane-
ous reactive power. The var measurements are typically
used on four-wire systems to calculate power factor, as
discussed in para. 4-7.2.2. The instantaneous reactive
power shall be measured frequently during a test run
and averaged over the test run period to determine aver-
age reactive power (kilovars) during the test. Should

This is a function of the variation of the powef meas-
ured. A general guideline is a frequency of rlet-gss than
once per minute.

4-7.3.4 Var-Hour Meters. Var-hour meters measure
reactive energy (kilovar-hours) during a test peripd. The
measurement of var-hours shallbe divided by fhe test
duration in hours to detefmhine average active| power
(kilovars) during the test period.

Var-hour meters measuring a Class 1 or Class 2 pri-
mary variable shall'have an uncertainty equal tq or less
than 0.5% of reading. There is no metering afcuracy
requirement farmeasurement of secondary varigbles.

The resoldtion of var-hour meter output is gften so
low thathigh inaccuracies can occur over a typjcal test
peried. Often var-hour meters have an analog pr digi-
taloutput with a higher resolution that may be used to
increase the resolution. Some var-hour meters algo have
a pulse-type output that may be summed ovpr time
to determine an accurate total energy during the test
period. For disk-type var-hour meters with no ¢xternal
output, the disk revolutions can be counted during a test
to increase resolution.

4-7.3.5 Wattmeter and Watt-Hour Meter Calibration.
Wattmeters and watt-hour meters, collectively referred
to as power meters, are calibrated by applying power
through the test power meter and a wattmeter ¢r watt-
hour meter standard simultaneously. This cgmpari-
son should be conducted at several power leyels (at
least five) across the expected power range. The dif-
ference between the test and standard instruments for
each power level should be calculated and applied to
the power measurement data from the test. For test
points between the calibration power levels, § curve
fit or linear interpolation should be used. The delected
power levels should be approached in an incfeasing
and decreasing manner. The calibration data pt each
power level should be averaged to minimize any hys-
teresis effect. Should polyphase metering equipment
be used, the output of each phase shall be available
or the meter shall be calibrated with all three phases
simultaneously.

When calibrating watt-hour meters, the output from
the wattmeter standard should be measured with fre-
quency high enough to reduce the precision error dur-
ing calibration so the total uncertainty of the calibration
process meets the required level. The average output can
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Fig. 4-7.4.1-1 Typical Correction Curve

Ratio Correction Factor

be mulfiplied by the calibration time interval to compare
against|{the watt-hour meter output.

Wattmeters should be calibrated at the electrical line
frequer|cy of the equipment under test, i.e., do not cali-
brate mreters at 60 Hz and use them on 50-Hz equipment.

Wattmeter standards should be allowed to have
power flow through them prior to calibration to ensure
the deylice is adequately “warm.” The standard should
be checked for zero reading each day prior to calibration.

4-7.3.6 VarMeterandVar-Hour Meter Calibration. To
calibrafe a var meter or var-hour meter, oneshall have
either g var standard or a wattmeter standard and an
accurate phase-angle measuring device) Also, the device
used t¢ supply power through the)standard and test
instruments shall have the capability of shifting phase
to create several different stable power factors. These
different power factors cteate reactive power over the
calibrifon range of thejinstrument.

Should a var metér'standard be employed, the proce-
dure fof calibration-of wattmeters outlined in para. 4-7.3.5
should pe used. Should a wattmeter standard and phase-
angle meter-be*used, simultaneous measurements from
the standard, phase-angle meter, and test instrument
should :
the average watts and the average phase angle.

Wattmeters should be calibrated at the electrical line
frequency of the equipment under test, i.e., do not cali-
brate meters at 60 Hz and use them on 50-Hz equipment.

When calibrating var-hour meters, the output from
the var meter standard or wattmeter/phase-angle meter
combination should be measured with frequency high
enough to reduce the precision error during calibration

Secondary Current

so the totalduncertainty of the calibration process mgets
the required level. The average output can be multiplied
by the*calibration time interval to compare against the
wattthour meter output.

Should polyphase metering equipment be used, the
output of each phase shall be available or the meter shall
be calibrated with all three phases simultaneously.

4-7.4 Instrument Transformers

Instrument transformers include potential transfofm-
ers and current transformers. The potential transformers

4-7.4.1 Potential Transformers. Potential tr

Potential transformers are available in several meter-
ing accuracy classes. For the measurement of Class 1 or
Class 2 primary variables or secondary variables, poten-
tial transformers in the 0.3% accuracy class shall be used.
In the case of Class 1 primary variable measurement,
potential transformers shall be calibrated for turns ratio
and phase angle and operated within their rated burden
range.
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Fig. 4-7.6-1 Typical Auxiliary Loads

ASU
auxiliaries

Gasification
block
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excitation

Power block
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Syngas
conartoning
auxiliaries

J

Generator gross Generator net Net power block Plant net output Plant net output

output output output XMFR LV side XMFR HV side
GENERAL NOTE: XMFR LV = transformer, low voltage; XMFR HV = transformer, high voltage.
4-7.4.2 Current Transformers. Current transformers  either as active power 0r*as voltage and currend. If real
measure current in a given phase. Current transformers  power (kilowatts) isnot measured, the auxiliary power
serfve to convert line or primary current (typically high)  is calculated as described in Section 5.
to Jower or secondary metering current. For this reason,
the secondary current measured by the current trans- 4-7.7 Meastrement of Step-Up and Step-Down
former shall be multiplied by a turns ratio to calculate Transformers
th i t.
g primaty curren . . Thetransformer losses of step-up and step-down
(Qurrent transformers are available in several meter- .
. transformers may be required for a test or a test|correc-
ing accuracy classes. For the measurement of Class 1 p .
. . . tién. Since the power loss for a step-up or step-down
or [Class 2 primary variables or secondary variables, o dipp . . .
ial P in the 0.3% 1 hall transformer is difficult to measure in the field, itfmay be
pofential transformers in the 0.3 accuracy class sha necessary to use the results of the transformer’s|factory
be ised. In the case of Class 1 primary variable measufe-
) performance tests. Normally the factory tests fof deter-
ment, current transformers shall be calibrated for turns . o 5
1 ( mining the power loss are conducted at 0% anfd 100%
ratlo and phase angle and operated within théir'rated .
rated load of the transformer and at various voltages. To
bufden range.
calculate the transformer power loss, the measufements
i . of the voltage and current at the high side of the trans-
4-71.5 Calculation of Corrected Average Power or & 5

Corrected Total Energy

'he calculation method for-average power or total
rgy should be performed in accordance with
[SI/IEEE Standard 120-for the specific type of
asuring system usedyFor Class 1 primary variables,
ver measurements.“shall be corrected for actual
trument transformer ratio and for phase-angle
prs in accordance with the procedures of ANSI/
LE Standard 120.

eng

AN

po
ins
err
IET

.6 Measurement of Auxiliary Electrical Load

may be available to measure the power block auxiliary
loads, such as those depicted in Fig. 4-7.6-1.

The methods described in ASME PTC 47, subsection
4-9 are also applicable for determining the auxiliary
power calculation.

Station permanent instrumentation can be used for
measuring the electrical load to the gasification block,
where the electrical load is measured and displayed
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former shall be recorded. The calculations are ddscribed

in Section 5.

4-8 DATA COLLECTION AND HANDLING
4-8.1 Introduction

This subsection presents requirements and ghiidance
regarding the acquisition and handling of test data. Also
presented are the fundamental elements that ar¢ essen-
tial to the makeup of an overall data acquisition and
handling system.

This Code recognizes that

technologies and

change and improve over time. If new technologies and
methods becomes available and are shown to meet the
required standards stated within this Code, they may be
used.

4-8.1.1 Data Acquisition System. The purpose of a
data acquisition system is to collect data and store it in
a form suitable for processing or presentation. Systems
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may be as simple as a person manually recording data
to as complex as a digital computer-based system.
Regardless of the complexity of the system, a data acqui-
sition system shall be capable of recording, sampling,
and storing the data within the requirements of the test
and target uncertainty set by this Code.

4-8.1.2 Manual System. In some cases, it may be
necessary or advantageous to record data manually. It

4-8.2.3 Data Calculation System. The data calcula-
tion system should have the capability to average each
input collected during the test and to calculate the test
results based on the average values. The system should
also calculate standard deviation and coefficient of vari-
ance of each instrument. The system should have the
ability to locate spurious data and exclude it from the
calculation of the average. The system should also have
the ability to plot the test data and each instrument read-

should pe recognized that this type of system introduces
additiopal uncertainty in the form of human error, and
such ufcertainty should be accounted for accordingly.
due to their limited sampling rate, manual sys-
ay require longer periods of time or additional

of samples required by the test. Data collection sheets
should |be prepared prior to the test. The data collection
sheets should identify the test site location, date, time,
and type of data collected, and should delineate the
sampling time required for the measurements. Sampling
times ghould be clocked using a digital stopwatch or
other spfficient timing device. If it becomes necessary
to edit [data sheets during the testing, all edits shall be
made ysing black ink, and all errors shall be marked
through with a single line and initialed and dated by
the edifor.

4-8.2 Data Management
4-8.2.1 Data Collected With an Automated
Syste All data collected using an automated data

acquisition system should be recorded in its\uncor-
rected,| uncalculated state on both permanent and
removgble media to permit post-test application of
any ng¢cessary calibration correctiofiss Immediately
after tgst and prior to leaving the\test site, the data
should|be copied to a removable medium and distrib-
uted arhong the parties to the-test to prevent such data
being dccidentally lost, damaged, or modified. Similar
steps should be taken with-any corrected or calculated
results [from the test.

4-8.2.2 Manually Collected Data. All manually col-
lected ¢lata recorded on data collection sheets shall be
reviewé¢d fércompleteness and correctness. Immediately
after tept ‘anid prior to leaving the test site, photocopies

ing over time to look for trends and outlying data,

4-8.3 Data Acquisition System Selection

4-8.3.1 Data Acquisition System , Requirements.
Prior to selection of a data acquisition system, it is nedes-
sary to have the test procedure in place that dictates fthe
requirements of the system. The“test procedure shopld
clearly dictate the type of measurements to be made,
number of data points needéd, the length of the tpst,
the number of samples,required, and the frequencyf of
data collection to meet-the target test uncertainty sef{ by
this Code. This information shall serve as a guide in fthe
selection of equipment and system design.

Each meastitement loop shall be designed with the
ability to bedobp calibrated and to be checked for cpn-
tinuity ahd power supply problems. To prevent signal
degradation due to noise, each instrument cable shopld
be designed with a shield around the conductor, and the
shield should be grounded on one end to drain any stfay
induced currents.

4-8.3.2 Temporary Automated Data Acquisition
System. This Code encourages the use of temporpry
automated data acquisition systems for testing pur-
poses. These systems can be carefully calibrated gnd
their proper operation confirmed in the laboratpry
and then transported to the testing area, thus provid-
ing traceability and control of the complete syst¢m.
Temporary systems limit the instruments” exposurg to
the elements and avoid the problems associated with
construction and ordinary plant maintenance.

Site layout and ambient conditions shall be congid-
ered when determining the type and application| of
temporary systems. Instruments and cabling shall|be
selected to withstand or minimize the impact of gny
stresses, interference, or ambient conditions to which
they may be exposed.

of the data collection sheets should be made and distrib-
uted among the parties to the test to prevent such data
being accidentally lost, damaged, or modified. If photo-
copying is not available, manual replication of the data
collection sheets should be made and the replicated data
collection sheets should be clearly marked as a replica-
tion and signed off by the parties to the test.
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4-8.3.3 Existing Plant Measurement and Control
System. This Code does not prohibit the use of the
plant measurement and control system for Code testing.
However, the system shall meet the requirements set
forth in this Code. Further, users should recognize the
limitations and restrictions of these systems for perfor-
mance testing, including the following;:
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(1) Most distributed plant control systems apply
threshold or deadband restraints on data signals. This
results in data that is only the report of the change in a
parameter that exceeds a set threshold value. All thresh-
old values shall be set low enough so that all data sig-
nals sent to the distributed control system during a test
are reported and stored.

(b) Most plant systems do not calculate flow rates
in accordance with this Code, but rather by simplified
relationships. This includes, for example, constant dis-
charge coefficient or even expansion factor. A plant system
indication of flow rate is not to be used in the execution of
this Code, unless the fundamental input parameters are
also logged and the calculated flow is confirmed to be in
accordance with this Code and ASME PTC 19.5.

41
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Section 5
Calculations and Results

5-1 1

Mostenergy streams within a power block of an IGCC
system| contain thermal energy, or sensible heat, and
chemicpl energy, or heating value. To properly specify

stant-ptessure specific heat and absolute temperature)
and hegt of formation. This definition avoids inconsist-
ency of energy calculation for different type of flows,
and unfifies mass-energy balance calculations between
the subpections and systems.

The 1najor objective of a performance test for a power
plant if to determine the effectiveness of energy conver-
sion and utilization. Heat rate, defined as the ratio of
fuel hegt input to net power output, has been tradition-
ally used in a power generation system in which fuel
heat is fthe only energy input and electricity is the only
energy joutput.

The test boundaries for the power block are shown in
Fig. 3-212-1. The input and output streams across the test
bounddries are listed in Table 5-1-1.

Selected properties of these streams shall be measured
separately as described in this Section to evaltiate the
performance of an IGCC power block. The power block
primary and secondary fuel input streams are energy
inputs [into the IGCC power block testiboundary, net
power [s the energy output, and the.remaining stream
measurements are used to determihe correction factors.

5-2 DATAREDUCTION

Following each test, when all test logs and~recopds
have been completed and assembled, they should|be
examined critically to determine whether‘or not the
limits of permissible deviations from pecified opefat-
ing conditions have exceeded those prescribed by the
individual test code. Adjustments of any kind shopild
be agreed upon and explained in the test report] If
adjustments cannot be agreed upon, the test run(s) npay
have to be repeated. Ineonsistencies in the test recprd
or test result may require’tests to be repeated in whple
or in part to attain test'objectives. Corrections resulting
from deviations of*any of the test operating conditipns
from those specified are applied when computing fest
results.

5-3 FUNDAMENTAL EQUATIONS
5:3:1 Corrected Net Power, P

corr

P =P T ZAP)II MP,i=1,nmj=1,m (531)
where
AP; = additive correction factors for power
generation
MP; = multiplicative correction factors for power
generation

measured total net power flows from irldi-
vidual generators out of the IGCC power
block test boundary during the test, as defer-
mined in eq. (5-5-1)

meas

Table 5-1-1 1GCC'RPower Block Input and
Oufput Streams 5-3.2 Corrected Power Block Primary Fuel Input, Q.

Input Streams Output Streams pr,corr = (pr+ S AQﬁ-) HMQﬁ,Z =Lmj=1m (532
Power block primaryfuel Net power
Power blockGecendary fuel Export steam where L . .
Input stpaff(@rultiple) Output steam (multiple) AQ; = additive correction factors for the primpry
Input watet Unuhip'u:} UTtput wdatet Ullu'uipic) f‘.,‘.Cl il“lP‘Jt
Input nitrogen Extraction air MQﬁ = multiplicative correction factors for the pri-
Ambient air Auxiliary power mary fuel input
Makeup water Q,; = measured total energy containing in the

Cooling water/air
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primary fuel flows entering into the power
block during the test, as determined in
eq. (5-5-3)
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5-3.3 Power Block Heat Rate, HR

corr Table 5-4-1 Test Correction Factors for IGCC
As defined in ASME PTC 46, heat rate has been tradi- Power Block
tionally used to characterize effectiveness of energy con- Additive Multiplicative
version in a power generation system. Power block heat Parameters Correction Factors  Correction Factors
rate is defined as corrected primary fuel input divided
by corrected net power. Net power AP mp
_ Fuelinput AQf MQf
HRcorr - pr,corr /Pcorr (5-3-3) Heat rate MHR
or
= +2XAQf)/ (P, ...t ZAP)ITIMHR,i=1,
[(Qf’i Q) / Prcas )l J temperature, barometric pressure, relative \hymidity,
n;j=1,m (>34 fuel conditions and properties, and grid ftequenty.
wHere

MHRj = multiplicative correction factors for heat rate

5-1 CORRECTION FACTORS

the test is a specified unit disposition test, the goal
of the test is to operate the facility based on a particu-
lar| condition, such as gas turbines operating at base
load. This Code does not preclude using duct burner
ope¢ration. If duct burners are used, the duct burners are
firgd to a specific heat input. The correction factors are
applied to determine the corrected net plant output and
the corrected net plant heat rate at basis conditions. Both
oufput and heat rate are corrected to the reference con-
ditjons and compared with the test criteria.

If the test is a specified net power test, the goal of the
tes is to operate the plant at a specified net (or meass
urdd) plant output. The correction factors are applied
to gletermine the corrected plant heat rate. Because'it is
difficult to exactly match the net plant output under test
conpditions, a correction, X, shall be applied to'adjust for
the small difference between actual adjusted net power
andl desired net power. The corrected-heat rate is com-
pated with the plant criteria.

Py =Pe=P +# Xpwr

corr meas

HRcorr = (pr \ XHR)/Pcorr

'he correction, X, may be determined from a plant
putational modelor by performing several test runs

(5-4-1)

(5-4-2)

urgdj-and their deviations from design values should
be LUSCEU d c Dd i U 9 S . 9 d SURCRES C LC
results. Two types of correction factors are applicable to
the measured parameters in egs. (5-3-1) through (5-3-4):
additive correction factors and multiplicative correction
factors. Their symbols are expressed in Table 5-4-1.
Additive correction factors are applied to bring the
performance of the decoupled subsystems of the plant
to the common base reference conditions, and then the
multiplicative correction factors are applied to correct
for the conditions that impact the entire plant: inlet

5-4.1 Additive Correction Factors

There are 14 additive correction factors used in the
fundamental performance equiations, as summafized in
Table 5-4.1-1.

The additive correction’factors that are not gpplica-
ble to the measured xesults for the specific type ¢f plant
being tested, or fo-the test objectives, are simjply set
equal to zero.

5-4.2 Multiplicative Correction Factors

There*13 multiplicative correction factors usedl in the
fundamental performance equations, as summatized in
Table 5-4.2-1. The composition of the nitrogen|stream
has a minimal effect on thermal performance, byt resid-
ual oxygen in the nitrogen stream should not exdeed the
maximum level specified by the equipment supplier.

tive to the measured parameters, so that measufed per-
formance can be corrected to the reference confitions.
Corrections are calculated for parameters at the test
boundary that differ from base reference conditipns and
that affect measured performance results.

Correction curves applied to measured perfofmance
are calculated by a heat balance model of the thermal
systems contained within the test boundary of the IGCC
power block. Each correction factor is calculated py run-
g i T irronly the
parameter to be corrected for over the possible range
of deviation from the reference conditions. Correction
curves thus developed are incorporated into the specific
test procedure document.

This Code permits the parties to the test to utilize a
heat balance computer program with the appropriate
test data input following a test run, so that the corrected
performance can be calculated from data with only one
heat balance run necessary.
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Table 5-4.1-1 Additive Correction Factors

Number Net Power Fuel Input Parameter

1 AP, [Note (1)] Secondary fuel (duct burner) thermal input (flow X LHV)

2 AP, [Note (1)] Generator(s) power factors

3 AP, AQ)‘3 Steam generator blowdown different than design

4 AP, AQf4 Import steam flow rate and enthalpy

5 AP AQf5 Import water flow rate and enthalpy

6 AP, AQy, Heat energy from input water/makeup water streams

7 AP, AQf7 Export water flow rate and enthalpy

8 AP AQ/8 Export steam flow rate and enthalpy

9a AP,, AQf9a Ambient conditions (temperature and humidity) at cooling tower or air-cooled condender
different than ambient conditions at the gas turbine inlet

9b1 APy, AQﬁ,b1 Circulating water flow different than design for once-through condenser cooling systen
(when cooling tower or air-cooled condenser is outside the test boundary)

9b2 APy, AQ/,Qb2 Circulating water temperature different than design for once-through‘condenser cooling
system (when cooling tower or air-cooled condenser is outside.the test boundary)

9c AP, AQf,gc Condenser pressure (when the entire heat rejection systemdSoutside the test boundaty)

10 AP, AQﬂO Condensate water temperature

11 AP, AQf11 Measured power different than predetermined or required’power

NOTE:

(1) Thede correction factors are not applicable and have been set equal to zero.

5-4.3 Hunctional Requirements of the Power

I:ock Model
The gain functional requirements of the power block
model gre completeness, flexibility, and accuracy.

5-4.3.1 Completeness. The model shall be able
to predict changes in the power block performance-in

Table 5-4.2-1 Multiplicative CorrectionFactors

response-to ‘changes in the test boundary conditigns.
These include ambient conditions such as temperatyre,
pressure, and humidity; fuel composition; process stepm
and water flow conditions; and secondary thermal gnd
electrical inputs and outputs.

5-4.3.2 Flexibility. The normal range of the mogdel
is expected to be at base load with the expected vatia-
tion ambient conditions and the expected variatior| of
streams that cross the test boundary. Inputs to and dut-
puts from the model should include the measured tegms
listed in Table 5-1-1.

5-4.3.3 Accuracy. The methods and -calculati
used to develop the power block plant model, incl
ing property methods, convergence techniques, 4nd
engineering models, shall be of sufficient accuracy
satisfy the needs of the acceptance test. For the primpary
purpose of correcting plant performance to refere
conditions, consistency and relative accuracy of the
culations are more important than absolute accur:
meaning that the ability to accurately predict change$ in
performance due to a change, A, in a test boundary cpn-

Net Fuel

Numbe Power Input Heat Rate Parameter

1 MP, MQf1 MHR, Ambient temperature

2 MP, MQf2 MHR, Ambient pressure

3 MP, MQf3 MHR, Ambient humidity

4 mpP, MQI‘4 MHR, Primary fuel supply
temperature

5 MP, MQfs MHR, Primary fuel composition

6 MP, MQf6 MHR Secondary fuel (to gas
turbine) flow rate

7 mP,, MQﬁ MHR, Secondary fuel (to
gas turbine) supply
temperature

8 MPg MQ/‘B MHR, Secondary fuel (to gas
turbine) composition

9 MP, MQﬁ) MHR, Export air extraction flow
rate

10 MP,, MQf10 MHR,, Export air extraction
temperature

11 MP, MQq, MHR, Import nitrogen flow rate

12 MP., 1o MHR, Import nitrogen
temperature

13 MP 5 MQ,,13 MHR 5 Grid frequency
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difion 1s more important than matching the actual plant
output or heat consumption at a given set of conditions.
The final results should be accurate enough to meet the
uncertainty levels defined in Table 1-3-1.

5-4.3.4 Model Validation. Model validation is desir-
able, but the proprietary nature of comprehensive plant
models may preclude complete validation. Normally the
uncertainties of correction factors, curves, and models
cannot be ascertained because of the proprietary nature
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of such information. This aspect of uncertainty has not
been included in Table 1-3-1.

The basic power block model is based on equipment
supplier data and expected performance over a range
of conditions. The individual component performance
used in the comprehensive plant model shall be veri-
fied to match the equipment supplier’s expected per-
formance for the component. If the equipment supplier
supplies performance curves or data, the model should

5-5 MEASURED PARAMETERS IN THE
FUNDAMENTAL EQUATIONS

5-5.1 Measured Net Power for IGCC Power Block, P

meas

Measured net power, P_ ., in eq. (5-3-1) for an IGCC
power block plant with multiple prime generators is
expressed as

be |adjusted to allow comparison of the plant model
prgdicted performance against the equipment supplier
cugve or data. The comparison should be made at the
rating point and the extremes of the equipment supplier
prgdicted performance.

The limit of the model’s use and accuracy is restricted
to the limit of the components used as an input to the
plant model.

5-4.3.4.1 Comparison With Measured Data. As
mych as practicable prior to the test, the model results
shguld be compared with measured data from the plant.
This comparison allows model refinement and tuning
to match the actual operation of the plant as closely as
possible.

Where possible, selected plant boundary parameters
shguld be adjusted so that change in the model’s cal-
culated dependent variables match the change in the
measured plant values. The parties to the test should
agtee to such adjustments. The agreement should be
induded in the test plan. Adjustable model parameters
shguld be limited to equipment characteristics, such as
turpine efficiency, heat exchanger heat-transfér coeffi-

Pmeas = [Epmeas, n=1, k]generator - Paux - Ptranf. loss ~ * line loss
(6-5-1)
where
k = total number of generators
n = anindividual genefator
P.x = t.otal auxiliary power consumption
Plieloss = line power(loss
P, nf10ss = transformer power loss

measlgenerator power generation

5-5.2 Measured Steam Export, Q,

Net thermal hedt output contained in steam $treams
from the powérblock is expressed as
Qst = 2[(1\/Ist,n)(hst,n)]ex (5-5-2)
where
hy = steam enthalpy calculated based on m¢asured
steam pressure and temperature
M,, = steam flow rate directly measured
n = anindividual steam stream

5-5.3 Measured Power Block Primary Fuel Input, Q,

Th 1 heat input f i fuel(s) to th
cients, and correlation coefficients that affeet the model erma’ eat UL om primary fue (5) to thy power
o block is expressed as
oufputs over a range of conditions in the'saime way as at
tesf conditions. Directly measured variables should not Q,,f =3[(H Vpﬁn)(Mp ,n)] (5-5-3)
be pdjusted. where
HV,; = heating value of primary fuel
5-4.3.4.2 Extremes and End Points. Ideally, the Mp = mass flow rate of primary fuel
tesf will be conducted at(the" reference conditions to Zf = an individual fuel input to the powet block
mifiimize the amount.and size of corrections to the
measured performanee.If the model is used for test cor- 5.5 4 Measured Input Steam, Q,
rections, the modehwill in effect be interpolating within . st
the valid range/of the model rather than extrapolating Thermal heat input from external steam to thq power
beyond it. block is expressed as
Qest = E[(]\/Isf,n)(hst,n)]in (5-5-4)
5-4.34.3 Limits. Itis important during the devel-
. . where
opment; testing, and tuning of the power block model to n = an individual steam input to the power bjock
id llLify LI[C lillliLb Ulr LllU lllUb‘lcl, LlldL ib, LllUbe UPUldlillg

regions where the accuracy of the model is reduced or
is unacceptable for the purposes of testing. The model
cannot be used for testing plant operation beyond the
validated limits.
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5-5.5 Power Block Secondary Fuel Input, Q_,

Thermal heat input from secondary fuel(s) that can be
directly measured in the power plant is expressed as
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st = E[(HVSf,n)(Msfln)] (5-5-5) loss, . = 108s, .q + 1088, .4 (5-5-7)
where . .
Loss is determined from the factory shop test
HV_ = heating value of secondary fuel no-load y shop
o report. It is a constant value. The load losses of a trans-
M, = mass flow rate of secondary fuel :
of . ) former are determined as
n = an individual fuel input to the power block
1Ossload = Ll,corr + L2,corr
5-5.6 Auxiliary Electrical Load where
If real power (kilowatt) auxiliary load is not meas- Leorr = PR losses, kW, corrected to reference condi-
ured, the auxihary power, Aux (in kilowatts), 1s calcu- OIS, WIETE
lated by the following equation and inputs: I' = average RMS phase current, A
R = resistance, Q
J3X V X X PF 556 L, ... = stray load losses, kW, corrected to feferehce
Aux = 1o (5-5-6) conditions
where The load losses vary with voltage.and load. Therefgre,
3 F accounts for phase-to-phase voltage, assuming  the values for the load losses takénffom the test repfort
three-phase power need to be corrected. The following equations correct{for
I ¥ average RMS phase current, A these conditions:
PF % power factor (as a decimal) Lo =X n X K (5-3-8)
V 5 average phase-to-phase voltage, V ot
Whenh power metering is not available, individual Lyforr =Ly Xn XK (5-3-9)
input ppwer to an electric load can be estimated by mak-  yhere
ing RMS voltage and current measurements. The meas- L, = IPR Igsses, kW, from factory test report at rafed
uremerts can be made with handheld instruments such load
as clanjp-on ammeters and multimeters, and a power L, = stray load losses, kW, from factory test report at
factor rheter, if available. rated load
NOTE: Po not attempt to make direct voltage measurements i= (test load / rated load)®
above 6(J0 V RMS. If the motor supply voltage is higher, a voltage K = (rated Voltage / test Voltage)z, where

transformher will be required.

The three-phase input power, P, (in kilowatts), to the
motor ¢an be calculated from the same equation as‘for
auxiliafy power, eq. (5-5-6).

Meagurement of all three phases should be made and
the average value used for the calculation: This applies
to the violtage, current, and power factor.measurements,
all of which can usually be made.at_the motor starter
box.

Refer to ASME PTC 19.6, subsections 3-6 and 3-7 for
additiopal information on measuring auxiliary power.

5-5.7 Measurement of Step-Up and Step-Down

ransformers

To callculate the transformer power loss, the measure-
ments ¢f thewoltage and current at the high side of the
transformer_shall be recorded. The calculations below
are them performed

VX PTratio X V3

test voltage neas

PT ratio = potential transformer ratip
from instrument trans-
former design data

V neas = measured secondary volt

age, kV, at the low side of
the transformer, adjusted
meter errors as necessary

for

The test load (in kilovolt-amps) and test voltage
kilovolts) are determined from the power and volt
measurements collected from the test. The rated load
kilovolt-amps) and voltage (in kilovolts) are from
factory test reports.

hge
(in
the

test load = (P, / PF, cas) (5-5410)
where
P ... = measured active power, kW
PF_...= power factor at test, dimensionless
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Section 6
Report of Results

6-T GENERAL REQUIREMENTS (o) _any pretest agreemernts that were not tabujated in

At a minimum, the report should include the follow-
sections:

1) executive summary

p) introduction

r) calculation and results

1) instrumentation

p) appendices

This outline is a recommended report format. Other
formats are acceptable; however, a report of an over-
all [plant performance test should contain, in a suitable
locption, all the information described in subsections 6-2
thrpugh 6-7.

6-2 EXECUTIVE SUMMARY

The executive summary is a brief synopsis of the full
regort and contains only the most essential information
in @ concise format. The following items should be con-
taifed in the executive summary:

1) general information about the plant and the test,
sugh as the plant type and operating configuration, and
thd test objectives

p) date and time of test

r) summary of the results of theltést, including
rertainty, and conclusions reached

1) comparison with the contractguarantee

P) any agreements among the-parties to the test that
w any major deviations-from the test requirements,
, if the test requirements-call for three test runs, and
parties agree that two)are sufficient

f) signatures of testdirector(s) and reviewer(s)

k) approval sigtature(s)

un

all

e.g
all

6-3 INTRODUCTION

The iritroduction of the test report gives general back-
grqund information necessary for the reader to under-

the executive summary
(f) the organization of the test personfeél, influding
number and type of personnel supplied by eachjorgani-
zation and the tasks for which eagh ¢rganizatipn was
responsible during the test
(g) test goals per Sections 3 and 5
(h) description of the equipment tested and ar}y other
auxiliary apparatus the operation of which may influ-
ence the test result
(i) method of test) giving arrangement of [testing
equipment, instruments used and their locatiof, oper-
ating conditions, and complete description 01‘ meth-
ods of meaSurement not prescribed by the indfvidual
code

6-4. " CALCULATIONS AND RESULTS

(1) The goal of the calculation and results section is
to lay out all calculation procedures used in the gnalysis
phase of the test. It should contain the following|

(1) summary of measurements and observations

(2) methods of calculation from observ¢d data
and calculation of probable uncertainty

(3) correction factors to be applied
of deviations, if any, of test conditions fro
specified

(4) primary measurement uncertainties,
ing method of application

(5) the test performances stated under
lowing headings:

(-a) test results computed on the basis of the
test operating conditions, instrument calibratiohs only
having been applied

(-b) test results corrected to specifi
ditions if test operating conditions have deviatg
those specified

(6) tabular and graphical presentation of
results

ecause
those

includ-

the fol-

bd con-
d from

the test

stand the circumstances leading up to, and the reasons
for, the test. This section includes the following topics:
(1) any additional general information about the
plant and the test not included in the executive summary
(b) an historical perspective, if appropriate
(c) a cycle diagram showing the test boundary (see
Fig. 3-2.2-1)
(d) alisting of the representatives of the parties to the
test and their involvement in the testing process

47

(b) Using the detailed description and sample cal-
culations, the reader should be able to understand
and reproduce any results contained in the report. In
addition to the details listed in (a) above, the follow-
ing should be included in the calculations and results
section:

(1) the format of the general performance
equation used, based on the test goals and applicable
corrections
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(2) tabulation of the reduced data necessary to
calculate the results, and summary of additional operat-
ing conditions not part of such reduced data

(3) step-by-step calculation of test results from
the reduced data (Refer to Nonmandatory Appendix A
for examples of step-by-step calculations.)

(4) detailed calculation of primary flow rates
from applicable data, including intermediate results, if
required (Primary flow rates are fuel flow rates, and, if

an identifying tag number and/or address of each
data set

(d) identification of the instruments used as backup

(e) description of data acquisition system(s) used

(f) summary of pretest and post-test calibration

(¢) calibration reports added as an appendix to the
report

6-6 CONCLUSIONS

cogenetation, process flow rates.)

(p) detailed calculations of fuel properties, such
as denpity and heating value (Values of constituent
properties, used in the detailed calculations, shall be
shown,|
(p) any calculations showing elimination of data
for outlier reason, or for any other reasons

(f) comparison of the repeatability of test runs

6-5 INSTRUMENTATION

The |instrumentation section contains a detailed
descripftion of all instrumentation used during the test,
its accyiracy, and how each measurement made con-
forms fo the Code requirements. This section should
includq the following:

(a) tabulation of instrumentation used for the pri-
mary gnd secondary measurements, including make
and mqddel number, etc.

(b) description of the instrumentation location

(c) means of data collection for each data set, such
as temporary data acquisition system printout, plant
controlf computer printout, or manual data sheet,xand

The conclusions section should include
following:

(a) discussion of the test, its results, and the condlu-
sions drawn

(b) discussion and details of the ungertainties of
test results

(c) any recommended changes'to future test prdce-

dures due to “lessons learned”

6-7 APPENDICES

Appendices to the test report should include

(a) the test réquirements

(b) copies.of original data sheets and/or data acquiisi-
tion system(s) printouts

(c) copies of operator logs or other recording of op
ating-activity during each test

(@ "copies of signed isolation checklists and valve
lineup sheets, and other documents and disposition

(e) results of laboratory fuel analysis

(f) instrumentation calibration results from laborgto-
ries, and certification from manufacturers

er-

48
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Section 7
Uncertainty Analysis

mates of the accuracy expected from the test methods
posed in this Code, and also help identify those meas-
ents that significantly affect the test results and the
ection factors that should be determined. Uncertainty

rdance with the Code. Pretest uncertainty calculations
shquld be included in the test procedure. Post-test uncer-
taimty calculations shall be included in the test report.

Test uncertainty is an estimate of the limit of error of
a test result. It is the interval about the test result that
conptains the true value within a level of confidence. This
Cofle uses a 95% confidence interval for uncertainty
calfulations. The primary technical reference for uncer-
taifty calculations is ASME PTC 19.1, which provides
geIeral procedures for determining the uncertainties in
individual test measurements for both random errots
andl systematic errors, and for tracking the propagation
of these errors into the uncertainty of a test result:
IPretest and post-test uncertainty analysis.is an indis-
penmsable part of a performance test.

7-1.1 Pretest Uncertainty Analysis

pretest uncertainty analysis allows corrective action
to e taken prior to the test, eitherto decrease the uncer-
taifty to a level consistentwith the overall objective of
thd test, or to reduce the ¢ost of the test while still attain-
ing the objective. This\is most important when devia-
tiops from Code-specified instruments or methods are
expected. An unecertainty analysis is useful for deter-
mihing the number of observations required to meet the
test code cfiteria for tests.

7-1.2,Post-Test Uncertainty Analysis

Test resutts should be Teported USIg the fo
form: R = Up.

lowing

7-2 OBJECTIVE OF UNCERTAINTY ANALYSIS,

The objective of a test uncertainty*analysis is|to esti-
mate the limit of error of the test results.

This Code does not covermor discuss test tol¢rances;
test tolerances are defined{as contractual agrdements

regarding an acceptable fahge of test results.

7-3 DETERMINATION OF OVERALL UNCERTAINTY

There are two types of uncertainty that compfise the
total uncértainty, as follows:

(a) _systematic error: the portion of the totgl error
that<temains constant in repeated measuremenf of the
true value in a test process. Systematic error is{caused
by measurement characteristics that are inhergnt to a
particular method of measurement, not to a particu-
lar plant or test. The estimated value of each §ystem-
atic error is obtained by nonstatistical methodls, and
it has many potential sources. This is usually ajn accu-
mulation of individual errors not eliminated through
calibration.

(b) random error: error due to limitations or [repeat-
ability of measurements. Random error is the pojrtion of
total error that varies in repeated measurementp of the
true value throughout the test process. Estimateq of ran-
dom error are derived by statistical analysis of r¢peated
independent measurements. The random error may be
reduced by increasing the number of instruments or the
number of readings taken.

In general, the overall uncertainty of a measy
is calculated as the square root of the sum of the pquares
(RSS) of the systematic and random uncerfainties.
Sensitivity coefficients are used to correct the individ-
ual parameter’s uncertainty for the impact on the total
uncertainty.

rement

A post-test uncertainty analysis determines the uncer-
tainty for the actual test. This analysis should confirm
the pretest systematic and random uncertainty esti-
mates. It serves to validate the quality of the test results,
or to expose problems.

A sample calculation for uncertainty is shown in
Nonmandatory Appendix B.
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7-4 SOURCES OF ERROR

Identification of sources of error that affect the test
result should be undertaken to determine if they are ran-
dom or systematic. Error sources may be grouped into
the following categories:
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(a) calibration error — residual error not removed by
the calibration process

(b) installation error — results from nonideal instru-
mentation installation

(c) data acquisition error — typically results from
analog-to-digital conversion

(d) data reduction error — introduced through trun-
cation, round-off, nonlinear curve fitting, or data storage

The overall uncertainty of a measurement, Uy, is the
root-sum-square total of overall systematic and random
uncertainties.

Uy = (bxz +5$<2) (7-5-1)

where
bz = systematic uncertainty of the measurement
sg = random uncertainty of the measurement

algorithms
(e) spmpling error — introduced by sampling The uncertainty of the result is calculated from
techniques overall test random and systematic uncertainty ter

(f) cprrection methodology error — introduced by
using cprrection formula

(g) ihterpolation error — results from curve fitting or
from the shape of a curve between discrete formulation
points

(h) model error — occurs when equipment and sys-
tem mgpdels do not properly account for changes in
input parameters or actual unit response

7-5 CJALCULATION OF UNCERTAINTY

The ¢lements of uncertainty calculations for a com-
plete test can be presented in tabular form, as shown in
Table 7}5-1. Typical stream measurements for an IGCC
power plock are listed in the table, but they are not all
used infall configurations.

The [test uncertainty associated with each meas-
ured parameter includes the effects of its sensitiv-
ity, sygtematic uncertainty, and random uncertainty.
Each systematic and random uncertainty entry in the
Table 74-5-1 is specified at a 95% confidence interval,
as is the overall combined expanded uncertainty of
the respilts.

The $ame tabular format and calculation ‘procedures
can be psed to calculate corrected heat fate uncertainty
and cogfrected net power uncertaintyy

The golumn headings in Table 745-17are as follows:

(1) Nleasured Parameter — the fluid or energy stream
paramgter that crosses the tést)boundary, required for
test cal¢ulation

(b) Sensitivity Coefficient, 6§, — the percent change in
corrected result causedby a unit change in the measured
paramgter

(c) Systematie’Uncertainty, bg; — inherent systematic
error fqr the type of measurement

(d) Systematic Uncertainty Contribution, (6bg,)* —
the squ

are of the nroduct of sensitivitv and sustematic
I J J

Each systematic and random uncertainty entry-in Table
7-5-1 is specified at a 95% confidence interval, so
overall combined expanded uncertainty of the resplt,
Uy, at 95% confidence is calculated fromtthe sum of gys-
tematic and random uncertainty conttibutions.
Uy = (bt s¢°) (7-3
where
by = systematic undertdinty of the result, the sum
systematic uncertainty contributions
sg = randomaincertainty of the result, the sum of rpn-
dom uncertainty contributions
The expanded uncertainty at 95% confidence| is
given by,

Up s = 2Uy (7-

7-6 SENSITIVITY COEFFICIENTS

Sensitivity coefficients indicate the absolute or r¢la-
tive effect of a measured parameter on the test resplt.
Relative sensitivity coefficients, which are calculafed
during the pretest uncertainty analysis, identify the
parameters with the largest impacts on the test objec-
tives. A relative sensitivity coefficient should be ¢al-
culated for each measured parameter to determine|its
influence on test results. Correction calculations pre
required for all measured parameters with relative sen-
sitivity coefficient values greater than 0.002. The relative
sensitivity coefficient, 6, is calculated by either of fthe
following equations:

(a) Partial Differential Form

uncertainty

(e) Random Uncertainty, sg; — the standard devia-
tion of the mean statistically determined from multiple
measurements of the same variable

(/) Random Uncertainty Contribution, (6:sg; )> — the
square of the product of sensitivity and the standard
deviation

50

_ / 3\ \ (7‘ '1)
LXanJ
where
R = corrected test result
X,vg = average value of the measured parameter
dR = change (partial differential) in corrected test
result
0X = change (partial differential) in measured
parameter
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Table 7-5-1 Uncertainty of Corrected Net Power or Corrected Heat Rate
Systematic System?tic Random Random
Uncertainty Uncertainty Uncertainty Uncertainty
" (95% CI), Contribution, (95% CI), Contribution,
Sensitivity 2 )
Measured Parameter Coefficient, 6, * (b?,) (H,b;’_) * (&X) (9,.&)(,_)
EXTERNAL CONNECTIONS
Inlet air
Barometric pressure % | % % %
Temperature % [ °F °F °F
Rejative humidity % [ Y%pt Y%opt Yopt
Makeup water condensate % [ °F °F °F
emperature
Sexondary fuel
Heating value % | % % %
G3gs constituent % | % % %
Temperature % [ °F °F °F
Fupl flow rate % | % % %
Input steam no. 2
Enthalpy % | % % %
Flqw rate % | % % %
GT| power, kW % | % % %
ST|power, kW % | % % %
Auxiliary load % % % %
Ngt power
Fre¢quency % | % % %
Popwer factor % | % % %
Export steam
Enthalpy % | % % %
Flqw rate % | % % %
Steam generator blowdown % | % % %
Hifferential
Cooling water
Temperature % | °F °F °F
Flow rate % | % % %
Cooling air temperature (if used) % [ °F °oF °F
Condenser pressure (if used) % | % % %
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Systematic Systematic Random Random
Uncertainty Uncertainty Uncertainty Uncertainty
Sensitivity (95% CI), COﬂtr'butI:m» (95% Cl), Contributizon,
Measured Parameter Coefficient, 6, * (b;l) (H,b)u((_) * (s}) (Oi&xi)
CONNECTIONS TO ASU
Nitrogen
Pressurg % | % % %
Tempergture % [ °F °oF °F
Flow rate % | % % %
Extractipn air
Pressurg % | % % %
Tempergture % | °F °F °F
Flow rate % | % % %
Cooling|water temperature % | °F °F °F
Process|water temperature % | °F °F °F
CONNECTIONS TO GASIFICATION BLOCK
Input water no. 1
Tempergture % [ °F °oF °F
Flow rate % | % % %
Output $team no. 1
Enthalp % | % % %
Flow rate % | % % %
Input steam no. 1
Enthalp %/ Btu % %
Flow rate % | % % %
Output yater no. 1
Tempergture % [ °F °oF °F
Flow rate % | % % %
Output yater noy2
Tempergture % [ °F °F °F 0
Flow rate % | % % %
CONNECTIONS TO SYNGAS CONDITIONING BLOCK
Primary fuel
Heating value % | % % %
Gas constituent % | % % %
Gas temperature % [ °F °F °F
Flow rate % | % % %
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Table 7-5-1 Uncertainty of Corrected Net Power or Corrected Heat Rate (Cont’d)
Systematic Systematic Random Random
Uncertainty Uncertainty Uncertainty Uncertainty
Sensitivity (95% CI), COﬂtr'butI?n, (95% Cl), Contributizon,
Measured Parameter Coefficient, 6, * (b;l) (O,b)u((_) * (s}) (Oi&xi)
CONNECTIONS TO SYNGAS CONDITIONING BLOCK (CONT’D)
Input water no. 2
Temperature % | °F °F °F
Flqw rate % | % % %
Odtput steam no. 2
Enthalpy % | % % %
Fldqw rate % | % % %
Input steam no. 3
Enthalpy % | % % %
Flqw rate % | % % %
CORRELATED UNCERTAINTIES
Sum of squares
Square root (sum of squares)
Combined Expanded Uncertainty of the Results, Uk gs %
p) Finite Difference Form ~
(ARJ by = ,/Z(bxﬂx‘)z (7-7-1)
— X i=1
6= AI; N ;{v : X(%) (7-6-2)  where
[)(d‘gj by, = systematic uncertainty of the result

where R and X, are the same as int(a) and

\R = change (finite difference)” in corrected test
result

AX = change (finite difference) in measured param-
eter, typically 001X,

7-1 SYSTEMATICUNCERTAINTY

Identification\of the systematic error is an important
step of the dncertainty analysis. Failure to identify a sig-
niffcant systématic error will lead to underestimating
thg accutacy of the test. The process requires a thorough
unglerstanding of the test objectives and methods of the

bg; = systematic uncertainty of the result of § meas-
ured parameter, i

n = the number of measured parameters

0. = relative sensitivity coefficient for m¢asured

parameter,

The systematic uncertainty is assumed to havg a nor-
mal distribution. If the positive and negative $ystem-
atic uncertainty limits are not symmetrical, jpositive
and negative values of the random uncertainty $hall be
calculated separately. If different values of the $ystem-
atic uncertainty have been calculated for positjve and
negative systematic uncertainty limits, the larggr value
should be used to compute the total uncertainty.

test. Published data, calibration information, and engi-
neering judgment should be used to eliminate or under-
stand the systematic errors in measurements.
Systematic uncertainty of a measurement is identified
as bg. The individual systematic uncertainties can be
combined into the systematic uncertainty of the result, by.
The systematic uncertainty of the result can be calculated
according to the square root of the sum of squares rule.

7-8 RANDOM STANDARD UNCERTAINTY FOR
SPATIALLY UNIFORM PARAMETERS

The standard deviation, s,, is a measurement of the
dispersion of the sample measurements, the standard
deviation of the mean, sg, and a characteristic degree
of freedom (v = N — 1). Test measurements need to be
reduced to average values and the standard deviation
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calculated before the performance and uncertainty cal-
culations can be executed. The random standard uncer-
tainty is calculated using the sample standard deviation.
For a result, R, calculated from many measured param-
eters, there is a combined standard uncertainty for the
result, sp, for the combined measurement parameters.

(a) Sample Mean. The mean, X, for the sample is calcu-
lated from

1/2
! 2
S = [Z(ﬂisxi) (7-8-5)
i=1
where
I = counter for correlated sources of systematic error

6 = absolute sensitivity coefficient

The relative random standard uncertainty of a result

1N
X= NEX,- (7-8-1)
where
N =| the number of readings for each set

average value for measurement set i

(b) Hooled Averages. For parameters measured several
times during a test period that have M sets of measure-
ments ith N readings for each set, the pooled average
value fpr measurement set k is as follows:

Mz

=L13yx (7-8-2)
Mi=
where
X 5 sample set pooled average
M = number of sets of measurements
X, o average value for measurement set k

(c) Sample Standard Deviation. For measurements that
do not ¢xhibit spatial variations, the standard deviation,
sy, of an averaged measurement, X, based on statisti-
cal analysis is calculated from the N multiple measure-
ments ¢f X according to the equation

N (XI. - ?_()2 "

S| XN

(7-8-3)

where
N =|number of times the parameter is measured

(d) Random Standard Uncextainty of the Mean. The ran-
dom sthndard uncertainty.of the mean of an averaged
measutiement, X , baséd_on statistical analysis is calcu-
lated frpm the N muiltiple measurements of X according
to the gquation

(7-8-4)

Sr

R

(7-8-6)

is determined using
! 2 1/2
{2(07@]}
i=1 X;
where

I = counter for correlated sourges\of system
error
relative sensitivity coeffidient

htic

0’ =

7-9 RANDOM STANDARDWUNCERTAINTY FOR
SPATIALLY NONUNIFORM PARAMETERS

The spatial contribution to the systematic sta
ard uncertainty fot_a given parameter is calculated
follows:

as

b _ Sspaﬁal

spatial
JI

7-9-D

where
] = number of sensors (i.e., spatial measuremgent
locations)
= standard deviation of the multiple-sengsor

Sspatial .
time-averaged values

X = grand average for all averaged
B measurands
X, = average for the sampled measurand i

7-10 CORRELATED SYSTEMATIC STANDARD
UNCERTAINTY

For multiple measurements where systematic errors
of measurements are not independent, systematic errors
are correlated. Examples include measurements of glif-

where s, = standard deviation of the mean.

(e) Random Standard Uncertainty of the Result. The ran-
dom uncertainty of the result is determined from the
propagation equation (see ASME PTC 19.1). There are
two forms.

The absolute random standard uncertainty is deter-
mined using

54

terert—pararmeters—talkenvith—the sameinstrurment) or
multiple instruments calibrated with the same standard.
For these cases, ASME PTC 19.1 should be consulted to
address the proper approach for uncertainty calcula-
tions. The general equation for calculating the correlated
systematic uncertainty is

) I
(6.,) +22 2 0.0,b,

1 i=lk=i+1

by (7-10-1)

1 -1
i=
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NONMANDATORY APPENDIX A
SAMPLE CALCULATION: IGCC POWER BLOCK

GENERAL

his Appendix provides a sample calculation for how
ASME PTC 47 4 is applied for the power block of an IGCC
poyer plant at test conditions that are different than the
degign reference conditions. The example identifies how
key measurements (net power and heat rate) are cor-
recfed to design (reference) conditions by using correc-
tion factors. Table 5-1-1 lists all the correction parameters
that were required for this sample calculation.

CYCLE DESCRIPTION

he power block of the IGCC power plant used in this
sarhple calculation is shown in Fig. A-2-1. The plant con-
figphiration is based on the original design of the Tampa
Electric Polk Power Station IGCC.
here is a single train throughout the plant including
ong¢ air separation unit (ASU), one gasification train, one
gag turbine (GT), and one steam turbine (ST). The gasi-
fief is a single-stage slurry-feed (coal or other solids);
prgssurized, oxygen-blown, entrained flow reactor.\The
is based on traditional cryogenic air separation to
prdqduce an oxygen stream for the gasifier and nitrogen
for|use as a gas turbine diluent and for ether services
sugh as purging and blanketing. A radiafit syngas cooler
andl pair of convective coolers extract, high-level heat
from the syngas exiting the gasifiet:
The gas turbine exhausts into.a three-pressure-level
hegt recovery steam generator/{(HRSG). The HRSG is
unfired. The high-pressure (HP) steam from the process
islgnd is combined with\the steam from the HRSG and
fed into a condensing\steam turbine. A large reservoir
prgvides an amplelsupply of cooling water at a fixed
temperature. Thete'is no air extraction from the gas tur-
birje; the airseparation main air compressor supplies all
of the air tothe ASU cold-box to satisfy the oxygen and
nitfogen-needs of the entire plant.

ofsthe test associated with this sample calculation,

by the gas turbine foad. 1he sampie calcutations given
below are only for the power block of the IGC( plant.
The ASU, gasifier, syngas cooling, and syhgas deaning
are outside the scope of this example.

Fundamental parameters of this exaniple are dgscribed
in paras. A-2.1 through A-2.7.

A-2.1 Gas Turbine

(a) 192 MW at inlet cenditions of 59°F, 14.63 pgia, 60%
relative humidity (RH)

(b) inlet pressure(IP) drop: 3.5 in. of water

(c) exhaust pressure drop: 14 in. of water

(d) nitrogen{diluent injection, no air extraction

A-2.2 Heat Recovery Steam Generator

(a)\three steam pressure levels with reheat and sepa-
rate deaerator
(b) HP steam outlet conditions: 1,401 psia at 1}000°F
(c) HP steam from the process island: 1,483 pgia
(d) IP steam outlet conditions: 338.8 psia at 1,§00°F
(e) flue gas exhaust temperature: 332°F

A-2.3 Steam Turbine

(a) condensing type, 136 MW nominal rating
(b) exhaust pressure: 2 in. Hg
(c) extractions: low-pressure (LP) steam at 56 psia

A-2.4 Condenser

(a) shell-and-tube design
(b) design cooling water (CW) inlet temperatufe: 55°F
(c) design temperature rise: 15°F
(d) design CW flow

A-2.5 Gasifier

(a) oxygen-blown, entrained-flow, slurry-fed, slag-
ging gasifier

(h) cxmnaac P ENL 4349 By b a4 Z7°E
t YRGS Y37

the gas turbine is base Ioaded and the power output is
governed by the ambient conditions and the composi-
tion of the syngas. All of the synthesis gas from the pro-
cess island is used in the gas turbine to produce power.
Except for the steam used internally within the plant, all
of the steam generated is used for producing power; there
is no export of steam, syngas, or other product besides
power. For this reason, the gasifier production rate is set

A-2.6 Air Separation Unit

(a) no extraction air from GT

(b) nitrogen is sent to GT for control of nitrogen
oxides (NO,)

(c) nitrogen supply conditions: 348 psia at 230°F

(d) power consumption: 51.4 MW
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Fig. A-2-1 A Simplified Sketch Separating the Power Block From an Integrated
Gasification and Combined Cycle Plant
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A-2.7 Syngas Cooling and Cleaning

(a) radiant and convective syngas cooling, wet scrub-
bing, and amine-based acid gas removal

(b) HP boiler feedwater supply: 1,483 psig at 572°F

(c) HP steam returned: 1,483 psig saturated

NOTE: /GCC power plant refers to the entire facility including gasifica-
tion, ASU, and the power block. The IGCC power block for this exam-
ple corrects for all the streams crossing the dark gray area shown in
Fig.pheal

A commercially available thermodynamic modeling
tool was used to calculate plant performance. This
modeling tool has a full set of standard gas turbine
models on conventional fuels now operating world-
wide. However, the GE 7FA gas turbine model for
IGCC syngas fuel operation used in this example was
modified using General Electric—provided technical
performance data. Steam cycle component design data
was tuned based on 136-MW power from the steam

A-3 BASIS FOR EXAMPLE CASE

is difficult to obtain detailed performance-related
dafa for any of the IGCC power plants due to their propri-
etayy and confidential nature, and as a result, the ASME
PT{ 47 Committee has modeled the plant in this example
case using data available in the public domain. A com-
meycially available power plant simulation program was
d to model the Tampa Electric Polk Power Station. The
mddel of the Tampa Electric IGCC power plant was cre-
atefd using the limited design and operating data avail-
able to the ASME PTC 47 Committee and the “Tampa
Electric Polk Power Station Integrated Gasification
Combined Cycle Project Final Technical Report” (August
2002) based on the conditions shown in Table A-3-1.

Table A-3-1 Operating and Design Data for
Tampa Electric Polk Power Station

Parameter Value
Anfbient temperature 59°F
Re]ative humidity 60%
Elgvation 125+t
Anpbient pressure 14.63 psia
GTlinlet pressure drop 3.5in. of water
GT|exhaust losses 14 in. of water
GT|fuel temperature 275°F
GT[fuel composition (Mole %)
Carbon monoxide (CO) 42.01
Hydrogen (Hz) 38.93
Carbon dioxide (CO,) 17.03
itrogen (N,) 2.00
Water (H,0) 0.02
Methane (CH3) 0.01

turbine. All the interface steam and water stregms for
the gasification were modeled as sourceshangl sinks
based on data provided by Tampa Electric as|shown
in Table A-3-1. For the purpose of this.example} minor
flows such as the gland steam flows and l¢gakages
were ignored in the model. The the¥rmodynami¢ model
of the Tampa Electric Polk Pewer Plant is shpwn in
Fig. A-2-1.

A-4 TEST BOUNDARY

The power block test boundary is shown in the dark-
gray-highlighted area in Fig. A-2-1. All energy $treams
entering orlexiting this highlighted area can b¢ easily
identified. Physical properties of all input and|output
energy Streams must be determined with reference to
the point at which they cross the test boundary.

As shown in Fig. A-2-1, air crosses the boundary at
the inlets of the gas turbine. Net plant electricall output
is determined from measurements of the outputfof each
generator less the auxiliary power block loads. Fijel flow
rate, temperature, and heating values are measured at
the GT fuel supply line. Diluent nitrogen flow and tem-
perature are also measured at the GT inlet. Addifionally,
import steam, export water, and the circulating water
flows and temperatures are measured wherg¢ these
streams cross the test boundary.

A-5 REFERENCE AND MEASURED CONDITIONS
FOR EXAMPLE CALCULATIONS

Table A-5-1 lists the reference conditions for th¢ power
block as well as the test parameters. For this example,
the export water and import steam enthalpies wlere cal-
culated from the pressure and temperatures crosging the
test boundary.
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Table A-5-1 Reference and Test Conditions

Parameter Reference Conditions Test Conditions
Ambient air
Pressure 14.63 psia (100.87 kPa) 14.70 psia (101.35 kPa)
Temperature 59°F (15°C) 65°F (18.33°C)
Relative humidity 60% 60%
HP process steam admission
Enthalpy 1.170.5 Btu/lb (2 722.6 ki/kg) 1,170 Btu/lb (2 721.4 ki/kg)
Flow fate 148 Ib/sec (67.13 kg/s) 150 Ib/sec (68.04 kg/s)
HP ecorfomizer water extraction
Enthdlpy 577.9 Btu/lb (1 334.2 kJ/kg) 581 Btu/lb (1 351.4 kJ/kg)
Flow fate 148 Ib/sec (67.13 kg/s) 150 Ib/sec (68.04 kg/s)
Primary|syngas fuel
Tempkrature 275°F (135.0°C) 300°F (148.9°C)
LHV 4,349.3 Btu/lb (10 116.38 k)/kg) 4,349.3 Btu/lb (10 116.38 k)/kg)
Circulat|ng water
Templerature 55°F (12.78°0) 68°F+(20:00°C)
Flow fate 12,022 Ib/sec (5 453.09 kg/s) 115500'lb/sec (5216.31 kg/s)
GT nitrogen injection
Templerature 230°F (110.0°C) 230°F (110.0°0C)
Flow fate 139 Ib/sec (63.05 kg/s) 136 Ib/sec (61.69 kg/s)
Measured Results
Primary|syngas fuel flow rate 103.9 Ib/sec (47.11 kg/s) 103.4 |b/sec (46.90 kg/s)
GT gendrator output 192,054 kW 192,160 kW
ST genefator output 136,174 kW 132,190 kW
Gross plant output 328,228 kW 324,350 kW
Auxiliary power to power block 6,550 kW 6,491 kW
Net power block
Outpiit 321,678 kW 317,859 kW
Heat fate, LHV 5,054.8 Btu/kW-h\(5333.1 kJ/kW-h) 5,093.4 Btu/kW-h (5373.8 k] /kW-H)

A-6 TEEST CORRECTION FACTORS

The fundamental performance equations can be sjm-
plified to be specific to the particular plant and fest

Regafdless of the test 80315. or operating mode, the program objectives. The format of the fundamerptal
results pf a performance test will be corrected net power equations allows decoupling of the appropriate corfec-

and cofrected heat rate or corrected t}}ermal eff'iciency, tion effects relative to the measured parameters, so that
or both| The calculation of results described by this Code |1 easured performance can be corrected to the referefice

requirep adjusting the test-detekmined values of power, . nditions.

P, e.md thermal. input, Q, op-heat rate, HR, by the appli- Additive and multiplicative correction factors applied
cation ¢f additive and miltiplicative correction factors.  {, the measured parameters are listed in Tables A46-1

These dorrection factors.correct for allowable variations and A-6-2, respectively.

in contfollable operating parameters and uncontrollable

external effects, stich as ambient temperature. A-6.1 Additive Correction Factors
Corrgction cutves applied to measured performance

are calqulatediby a heat balance model of the thermal ! '

systems contained within the test boundary of the IGCC fundamental performance equations, as summariged

There are 11 additive correction factors used in the

inTable A-6-1-The additivecorrectionfactorsthathre

power bIock Eacih correction factor 15 catcutated by Tumn-
ning the heat balance model with a variance in only
the parameter to be corrected over the possible range
of deviations from the reference conditions. Correction
curves thus developed are incorporated into the specific

test procedure document.

not applicable to the measured results for the specific
type of plant being tested, or to the test objectives,
are set equal to zero. Parameters 1, 2, 3, 9a, 9c¢, 10,
and 11 in Table A-6-1 are set to zero for this sample
calculation.
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Table A-6-1 Additive Correction Factors

Additive Correction
Factors for

Reason Correction Is Not

Number Net Power Parameter Required for This Example
1 AP, Secondary fuel (duct burner) thermal input (flow X LHV) There were no secondary duct burner
heat inputs
2 AP, Generator(s) power factors Power factors at test were the same as
design
3 AP, Steam generator blowdown diiferent than design ARSG blowdown was closed Tor Jest
and the guarantee was basédpn no
blowdown
4 AP, Import steam flow rate and enthalpy
5 AP Import water flow rate and enthalpy
6 AP, Heat energy from input water/makeup water streams
7 AP, Export water flow rate and enthalpy
8 AP Export steam flow rate and enthalpy
9a AP,, Ambient conditions (temperature and humidity) at cooling Does ot apply to this condensing
tower or air-cooled condenser different than ambient bounhdary
conditions at the gas turbine inlet
9b1 APgpy Circulating water flow different than design for once-through
condenser cooling system (when cooling tower or air-cooled
condenser is outside the test boundary)
9b2 APy, Circulating water temperature different than design for @nce-
through condenser cooling system (when cooling‘tower or
air-cooled condenser is outside the test boundary)
9c AP, Condenser pressure (when the entire heat rejection system Does not apply to this condensing
is outside the test boundary) boundary
10 AP, Condensate water temperature Not applicable
11 AP, Measured power different than predetérmined or This was a base-load test and thg¢refore
required power this correction does not apply
A-6.2 Multiplicative Correction Factors measured value with two types of corrections: gdditive

in

riz
]
apj
pla
to
ete]
cal
dif
aff
5, 4
thi:

[«

J

'here are 13 multiplicative correction fadtors used
he fundamental performance equations,-as summa-
bd in Table A-6-2.

'he multiplicative correction fagctors that are not
plicable to the measured resultsfor ' the specific type of
nt being tested, or to the test objectives, are set equal
Linity. For example, if there.is no air export, param-
rs 9 and 10 in Table A#6-2"are set to 1. Corrections are
Fulated for parameters at the test boundary that are
ferent from the base reference conditions and that
pct the measured performance results. Parameters 3,
,7,8,9,10012, and 13 in Table A-6-2 are set to 1 for
b sample ealculation.

ee subsection A-8 for the correction curves. These

correction factors and multiplicative correction fhctors.
The curves in Figs. A-8-1 through A-8-11 afe typi-
cal manufacturers” curves that show changes| to net
plant performance at various off-design confitions.
Corrections, however, compensate for off-design con-
ditions, so their numerical values are the oppdsites of
the values in the performance curves. Therefor¢, addi-
tive corrections are the negatives of net power changes,
CP_, and multiplicative corrections are the reciprpcals of
normalized output factors, FP,, or normalized hpat rate
factors, FHR , in their respective curves.

A-7.1 Corrected Net Power, P

corr

(a) Equation for Corrected Net Power, P

corr

cugves-and fitted equations are based on this specific ] )
plant'model and should not be used generically for any oy = Prp  F ZAP)UMPL i =1, )= hm
ASME PTC 47 4 test. (A-7-1)
where

A-7 CALCULATIONS TO DETERMINE CORRECTED AP, = additive correction factor for power

PERFORMANCE generation

This IGCC power block comprises a generating pro- ” _ number. of multlp hcatl.ve correction factors
. . MP; = multiplicative correction factor for power
cess for the production of only electric power. The fun- / eneration
damental performance equation for output is net power. _ & - .
n = number of additive correction factors

The corrected net power is calculated based on its
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