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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The following
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 applying this Code.

ASME Performance Test Codes provide test procedures that yield results of the highest level of accuracy consistent
with the|best engineering knowledge and practice currently available. They were developed by balanced commiftees
represenfting all concerned interests and specify procedures, instrumentation, equipment-operating requirements,
calculatipn methods, and uncertainty analysis.

When|tests are run in accordance with a Code, the test results themselves, without adjustment, for, uncertalinty,
yield thq best available indication of the actual performance of the tested equipment. ASME Performance Test Cpdes
do not specify means to compare those results to contractual guarantees. Therefore, it is recommended that the[par-
ties to a fommercial test agree before starting the test and preferably before signing the contra¢t on the method fo be
used for[comparing the test results to the contractual guarantees. It is beyond the scope oflany Code to determine or
interpre{ how such comparisons shall be made.

vi
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FOREWORD

ASME Performance Test Codes (PTCs) have long existed for determining the performance of gas turbines units and
for gas-turbine-based overall plant performance in electric power production facilities. These codes have advised the
user to conduct testing of gas turbines and gas-turbine-based plants with inlet conditioning out of service and to correct
the results of the test with results of a subsequent test of the inlet condltlorung system Yet users of the test codes were
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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 inter-
ests. As such, users of this Code may interact with the Committee by requesting interpretations, proposing revisions,
and attending Committee meetings. Correspondence should be addressed to
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Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Three Park Avenue

New York, NY 10016-5990
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any pertinent documentation.

tation of an approved revision when the need is urgent, or to proyidé rules not covered by existing p
ps are effective immediately upon ASME approval and shall be posted on the ASME Committee Web p
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ASME PTC 51-2011

GAS TURBINE INLET AIR-CONDITIONING EQUIPMENT

Section 1

1-1( OBJECT

Tlhis Code provides procedures for in situ testing of
inle{ air-conditioning systems (cooling/heating) as they
apply to gas turbines in simple, cogeneration, and com-
bined-cycle applications.

Tlhe intent of this Code is to provide results with
the Jowest reasonably achievable uncertainty consist-
ent pith the best engineering knowledge and practice
in the industry, such that appropriate instrumentation
and |measurement techniques and procedures be used
to determine the following performance variables, as
applicable:

— performance factor

— parryover
- puxiliary consumption (power/thermal)

— femperature change

— pvater discharge

— Water consumption

Histribution/stratification

— pressure drop

This Code also provides procedures for the calcula-
tion|of the results, and for the cdrrection of the results
to rdference conditions, as a measure of gas turbine inlet
air-donditioning systems performance.

1-2| SCOPE

eration systems. Heatmg systems covered by thls Code
include compressor-bleed type systems and heating-coil
systems.

This Code is limited to gas turbine inlet air-condition-
ing systems and does not apply to the following;:

- building heating, cooling, or refrigeration systems

— gas turbine compressor intercoolers

—wet compression, overspray, deluge, overfogging,
and similar technologies

Object and Scope

— other power plant applicatiens”such as ajr-cooled
electrical generators

— gas turbine performanceé

In addition, this Code @ées not apply to the festing of
individual atomizing.fiozzles. However, the Cqmmittee
recognizes that carryover is a critical charactgristic of
fogging systems&As such, there may be situatjons that
require the quantification of water droplet |size. To
address this\need, the Code further provides|the pro-
ceduresdor“determining water droplet size agsociated
with Jaboratory bench testing of atomizing [nozzles;
please’see Nonmandatory Appendix A.

This Code contains rules and procedures for copducting
and reporting tests of gas turbine inlet air-conglitioning
systems, including requirements for pretest |arrange-
ments, testing techniques, instrumentation, mqthods of
measurement, and methods for calculating tegt results
and uncertainty.

1-3 UNCERTAINTY

A pretest uncertainty analysis is required tq demon-
strate that the proposed instrumentation and 1neasure-
ment techniques meet the requirements of t]Ils Code;
this analysis shall include an estimate of the|random
uncertainty based on experience. A posttest uncer-
tainty analysis is required to evaluate ovgrall test
uncertainty, including the actual random ungertainty
and spatial uncertainties associated with the test result.
To accomplish testing with reasonable accuragy, limits
for both the test instrument uncertainty and the varia-
tion for each required measurement are established in
this Code.

ach meas-
urement were set in recognition of the fact that there is
a diverse range of inlet air-conditioning system designs
covered by this Code. Each unique system has corre-
sponding uncertainty levels that are dependent on the
system type, specific design complexity, and consistency
of operation during a test and cannot be generally cat-
egorized for purposes of establishing uncertainty limits
on the test results achievable from testing in accordance
with this Code.
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Table 1-3-1 Representative Test Uncertainties

Temperature
Performance Carryover Auxiliary Temperature Water Water Distribution /
Factor, [Note (1)], Consumption, Change, Discharge, Consumption, Stratification, Pressure
Type of System % % % K (°R) % % K (°R) Drop, %

Evaporative cooler 3 [Note (2)] Varies 5 0.6 (1) 5 5 0.6 (1) 5

Fogger 5[Note (2)] Varies 5 0.6 (1) 5 5 4.0 (7) NA

Chiller NA Varies 1 (electrical) 0.6 (1) 5 NA 0.6 (1) 5

3(thermal)

Heater (cdmpressor- NA Varies 3 0.6 (1) NA NA 1.0 NA

bleed type) [Note (3)] [Note (3)]

Heater (cil type) NA Varies 3 0.6 (1) NA 3 0.6 (1) 5

GENERAL|NOTES:

(@) Table [1-3-1 values should not be used as targets. The user of this Code should design a test for the lowest practicallevél of uncertainty
based|on current engineering knowledge.

(b) See Npnmandatory Appendix B for sample uncertainty analyses.

NOTES:

(1) The Cgmmittee recognizes that there may be different criteria for determining acceptable carryover limits (e.g., “none,” “by visual inspegc-
tion,” [‘'determined by droplet size,” “quantified by %,” “quantified by gpm,” etc.) by technology and application. As such, no specific
uncerfainty limits are provided, but instead, it is left up to the parties of the test to determine-what is acceptable, based on the method
used tp determine or quantify carryover.

(2) Performance factors for evaporative coolers and foggers are, respectively, effectivenessand/fogging.

(3) The Cgmmittee recommends a minimum of 1 s of residence time from the hot-fluid injection point to instrument measurement.

Table |1-3-1 shows the calculated uncertainty for limits.defined in this Code would be considered a hon-
some typical systems derived using the limiting  Code level test.
uncertaipties of all measurement parameters and
variableg. , o _~\"1-4 OTHER REQUIREMENTS AND REFERENCES
Most tpsts conducted in accordance with this Code will
result infuncertainties that are lower than those shown The applicable provisions of subsection 1-2 afre a
in Table [I-3-1. Any departure from this Code’sirequire-  mandatory part of this Code. The ASME PTC 19 series
ments cpuld introduce additional uncertainty/beyond  Supplements on Instruments and Apparatus should be con-
that congidered acceptable to meet the objectives of this ~ sulted when selecting the instruments and when calcu-

Code. A

test that exceeds the uncertaintytand variation  lating test uncertainties.
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Section 2

Definitions and Description of Terms

2-1 _SYMRBOQIS
The symbols and subscripts in Tables 2-1-1 and 2-1-2 are used unless otherwise defined in the text.
Table 2-1-1 Symbols
Units

Synibol Description Sl U.S. Customary
2s, Uncertainty (random) at 95% confidence
A Area m? ft2
AD qr D, Absorption diameter pym
AMIor D, Arithmetic mean diameter pym
AUX Auxiliary load, electric or thermal W or ks W or Btu/hr
C Constant (generic) \arious Various
c Concentration, mole % %
C1 Time conversion constant 1 3,600 sec/hr
C2 [Note (1)] Unit conversion factor
Cy Discharge coefficient
Cf Flow coefficient
Cp Specified heat at constant pressure k)/ (kg - K) Btu/(kg - °F)
cv Concentration volume ppm ppm
D Diameter ym in.
E Electric voltage Vv Vv
EDQr Dy, Evaporative-diameter pum
e, Specifig’Kinetic energy J/kg ft-lbf/lbm
FPF Fogger performance factor
GT Gasturbine
g.[Note (2)] Gravitational constant kg-m/N-s? Ibm-ft/lbf-s?
H Thermal load w Btu
h Enthalpy kl/kg Btu/lbm
/ Electric current A A
K, Conversion constant Varies Varies
k Ratio of specific heats
MMD or Dv,, Mass median diameter pym
m Mass flow rate kg/s lbm/hr
n Number of readings
PF Power factor
p Pressure kPa psia
Q Volumetric flow rate m3/s cfm
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Table 2-1-1 Symbols (Cont'd)

Units
Symbol Description Sl U.S. Customary
Heat flow rate ki/s Btu/hr
R Gas constant 1/ (kg-K) Btu/lbm-°R
RH Relative humidity % %
SAMD Surface-area-ean-diameter R
SMD or D, Sauter Mean Diameter pym
S, Frontal area of probe exposed to ft? m?
calibration stream
T Temperature K (°0) °R (°F)
u Uncertainty (total)
VMD or D Volume mean diameter pm
Vol% Percent by volume % %
v Velocity m/s ft/sec
Wt% Percent by weight % %
w Weighting factor
X Composition Various Various
z Elevation m ft
a Multiplicative correction factor
B Error (systematic)
b% Kinetic energy correction factor
) Error (total)
A Difference Varies Varies
Ap Differential pressure Pa in. H,0
e Evaporative effectiveness % %
g, Error (random)
n Efficiency
II Product
p Density kg/m?3 lbm/ft3
p Sum
¢ Pitch angle rad deg
] Yaw-angle rad deg
1) Specific humidity kg, /K8y, tbm, /lbm,,
GENERAL NOTE: The lnternational Systems of Units (SI) is employed in this Standard. Values shall be based on the National Institute of
Standardsjand Technology values, which, in turn, are based on the fundamental values of the International Bureau of Weights and Measureg.

The Unit of IlEIIsL;I ib LiIL‘: TIELET, dCbislldLEd 1T, UT LiIC Illill‘liIIICLL'.'I, Ultbislldltul LLLLLLES Tilt: UII;L Uf massS ib L;IE ;\“Usldlll, L:CD;SIIGLCL: ‘I\s Til': UII;L uf Lime
is the minute, designated min, or the second, designated s. The unit of temperature is either the degree Celsius, designated °C, or the kelvin,
designated K. The unit of force is the newton, designated N. The unit of barometric pressure is the atmosphere, designated atm.

NOTES:
(1) UnitsofC2are 1 X 10%°,
(2) Units of g_are 1 kg m/N s? (32.17 lbm-ft/Ibf sec?).
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Table 2-1-2 Subscripts 2-2  DEFINITIONS

Subscript Description absolute pressure: algebraic sum of the atmospheric pres-

0,..., 9 Numeric integer (used as value for i, n, or j) sure and gage pressure.
12 Arithmetic mean absolute pressure transmitter: an instrument that measures
20 Surface area mean pressure referenced to absolute zero pressure and trans-
21 Surface area-length (absorption) mits the information.
31 Volume length (evaporative) accuracy: the closeness of agreement between a meas-
30 Valina maan ured value and the true value.
32 Sauter mean air: mixtures of dry gases and associated watet\vppor sur-
Ar Argon rounding the earth; dry air plus its associatechwatdr vapor.
a Air air-assisted nozzle: fluid atomization devieé thatfincorpo-
ave Average rates an energized stream of air to facilitate atomization
of the liquid.
b Barometric q
co2 Carbon dioxide air density: mass of air per uslit volume.
c Constant air density, standard: aif™at density of 0.075| Ibm/ft3
3
co Carryover (1.201 kg/m”).
con Consumed airflow, mass: mass ofdry air flowing through 4 piece of
corr Corrected equipment (e.g.;a'cooling tower, GT inlet duct/etc.).
D Droplet airflow, volunie: volume of air mixture flowing through a
d Discharge piece of€quipment (e.g., a cooling tower, GT irjlet duct,
da Dry air etc.).
db Dry bulb ambient temperature: temperature of the atmosphere.
dp Dew point approach: difference between cold water temjperature
dry Dry and entering wet-bulb temperature.
exh Exhaust arithmetic mean diameter (AMD): see D,
f Fluid atmosphere: see air.
fuel Fuel atomizing nozzle: a nozzle designed to develgp water
g Gage droplets less than 200 wm in diameter.
H2G Water auxiliary consumption: electrical or thermal enefgy used
i Generic plane number (integer) in the operation of a gas turbine inlet air-condlitioning
j Generic (discreet) pointndmber (integer) device or elsewhere as defined by the test bounjdary.
k Kinetic auxiliary load: see auxiliary consumption.
! Liguid barometric pressure: force per unit area exertedl by the
meds Measured atmosphere.
N, Nitrogen b TS,
ase reference conditions: the values of all the|external
n Number (integer) parameters; that is, parameters outside the tesf bound-
02 Oxygen ary to which the test results are corrected. Also, the
ox Oxidation specified secondary heat inputs and outputs |are base
502 Sulfur dioxide reference conditions.
sp Set pu;ut bigs error: the true svustematic or fixed SILOL, wzh Ch Char_
st Static acterizes every member of any set of measurements
; Total from the population. It is the constant component of the
total measurement error.
v Velocity L . . . .
bivariate correction: a correction that is a function of two
vap Vapor .
independent parameters.
w Water .
wh Wet bulb blowdown: water discharged from a system to control the
concentration of minerals or other impurities, such as
X Unknown

from an evaporative cooler or wet cooling tower.
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bore area: the minimum cross-sectional flow area of a
nozzle.

bore diameter: the minimum diameter of a nozzle.

calibration: the process of comparing the response of an
instrument to a standard instrument over some meas-
urement range and adjusting the instrument to match
the standard, if appropriate.

calibration drift: a shift in the calibration characteristics.

control temperature: temperature or schedule of temperatures
determined by the manufacturer that defines one of the
operating conditions for the test. This temperature may or
may not coincide with the temperature of the working fluid
exiting the gas turbine. Regardless of measurement loca-
tion, control temperature is internal to the test boundary.

cooling tower: a semienclosed device for cooling water by
direct contact with air.

corrected performance; performance parameter adjusted

carryove:l;lexcess moisture that 1s not evaporated into the
air stream.

chiller: 3§ device that uses a closed-loop refrigera-
tion cycle where heat is exchanged with an external
fluid after the refrigerant is expanded, resulting in a
reductign in temperature of the external fluid. Typical
refrigerdtion cycles include mechanical chilling where
refrigergnts (such as r134a) are compressed, con-
densed, [expanded, and evaporated in a continuous
loop sinhilar to an air conditioner, or an absorption
process |using refrigerants (such as lithium bromide
or ammenia).

circulating water flow: quantity of hot water flowing into
the towdr to be cooled.

class 1 ifstrument: an instrument that is used to deter-
mine a class 1 primary parameter.

class 1 ptymary parameter: a primary parameter that has a
relative gensitivity coefficient of 0.2% or greater.

class 1 primary variable: a primary variable that has a rela-
tive senditivity coefficient of 0.2% or greater.

class 2 infstrument: an instrument that is used to deter-
mine a class 2 primary parameter.

class 2 prmary parameter: a primary parameter that has a
relative gensitivity coefficient of less than0:2%.

class 2 prfmary variable: a primary variable that has a rela-
tive senditivity coefficient of less thaii0.2%.

closed-loqp heater/chiller system: a heating/chilling system
in whicl the working fluid. ddes not become entrained
in the gas turbine inlet air'stream.

co-current flow: the flow bf two or more fluids following a
similar gath with-adjacent inlet and outlet connections.

coefficienf of discharge (C,): the ratio of the measured
relieving capdgity to the theoretical relieving capacity.

mathematically to specified reference conditions

counterflow: the flow of fluids through a heat@xchapger
in which the two fluids flow in opposite directions.

counterflow tower: a tower in which theair and water
streams flow in opposing directions.

cross-flow: the flow of fluids throGgh a heat exchangpr in
which the two fluids flow perpendicular to each other.

cross-flow tower: a tower~in“*which the air and water
streams are in crosscurfent’(perpendicular) flow.

D, arithmetic meanrdiameter (AMD). The simple gver-
age diameter of @ll the droplets in a spray. D, is efqual
to the sum of-the/diameter of all the droplets divided by
the number, of droplets.

n.D.
D,, = 2 —

Z”i

D, surface area mean diameter (SAMD). The SAMD
value characterizes the spray by giving the diametgr of
a hypothetical droplet that has a surface area equpl to
the average surface area of all the measured droplefs.

Yl,-D,-2 1/2
D :[—22111 J

D,,: surface area-length (absorption) diameter. This djam-
eter is calculated using the surface-to-diameter ratio] It is
equal to the sum of the square of all the droplet diamgters
divided their straight sum.

n.D.2
- (33

D,;: volume mean diameter (VMD). The VMD value
characterizes the spray by giving the diameter of a hjypo-

compressbt
upstream portion of inlet bellmouth of the compressor.

aalal il 1 P +lo £ o 4
e e prant—cottarttg tc rar tiesSt

compressor inlet temperature: the dry-bulb temperature of
the air at the compressor inlet measured at a point prior
to the rapid acceleration/pressure drop as the airflows
into the bell mouth.

conditioning element: any physical device described in
this Code that is used primarily for heating or cooling,
and/or humidifying or dehumidifying the GT inlet air
prior to entering the gas turbine.

thetical droplet that has a volume equal to the average
volume of all the measured droplets.

D> 1/3
D3O = {zzzn_l J

D,,: volume length (evaporative) diameter (ED). This
diameter is calculated using the volume-to-diameter
ratio. It is equal to the sum of the cube of all the droplet
diameters divided by their straight sum.
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31

an? 1/2
55

D,,: sauter mean diameter (SMD). This diameter is
calculated using the volume-to-surface-area ratio. It is
equal to the sum of the cube of all diameters divided
by the sum of the square of all diameters. This yields
a characteristic droplet diameter that has a volume-to-
surface-area ratio equal to the volume-to-surface-area

emissions: nuisance discharges from power plant systems
that are regulated by authorities having jurisdiction; exam-
ples include air pollutants, waste streams, and noise.

empirical formulation: a representative equation to deter-
mine the discharge coefficient for a flow meter, devel-
oped via theory and experience without application of
meter-specific calibration data.

entering wet-bulb temperature: the wet-bulb temperature
of air entering the tower: includes any effect of recircula-

ratiq of the entire spray. This diameter is particularly
impprtant in gas turbine evaporative fogging system
applications because the mass transfer happens at the
intefface of the droplets and the surrounding air (i.e.,
at the droplet surface). To enhance the evaporation of a
poptlation of droplets, one has to maximize the active
surffice areas and minimize the internal volumes.

n.D?
0. (15

diffeflential pressure: the difference between the inlet pres-
sure| and the discharge pressure. Alternatively, the dif-
ferefice between two pressure zones, i.e., upstream and
dowpnstream of evaporative cooling media in the GT inlet.

dimdnsionless groups: the various dimensionless quan-
titie$ that appear in this Code. Any consistent system
of uhits may be employed to evaluate these quantities
unlgdss a numerical factor is included, in which case
unitp shall be as specified.

diredt evaporative cooler: an evaporative cooler thatadds
moigture to the inlet air stream.

droplet size: the physical size of water droplets in the
inlef air stream. These are generally meastred in units
of mficrons using one or more of the diameter scales and
refefence test methods contained within this Code. (Note
thatffor nozzle performance criteria, it is unacceptable to
repdrt droplet diameter in ficrons only; the reference
scal¢ and test method shall also be stated.)

Dpy, = Do, this is@ugpresentative diameter where
10%|of the total volume' of the liquid sprayed is in drop-
lets with diameters‘smaller than or equal to the stated
value.

Dp,s (or Dwy): mass median diameter (MMD). This is
the Jame-as-the volume median diameter (VMD). This is
the fepresentative diameter where 50% of the total vol-
uméd fepeH 54 ciameters

tion, interference, or both.

evaporation: the water evaporated from the “cifculating
water into the atmosphere during the cooling pfocess. It
is independent of drift.

evaporative effectiveness: the ratio _of temperatllre drop
across an evaporative coolerto the potential athount of
cooling (t, — t ), expressed as percentage.

extraction air: air stream-that leaves the test boupdary.

field calibration: the process by which calibrafions are
performed undetless controlled conditions afid using
less rigorous/measurement and test equipment than that
provided dnder a laboratory calibration.

flow-meteting run: the entire section of piping c¢nsisting
of the'primary element, flow conditioner (if applicable),
and upstream and downstream piping that confforms to
the overall straight length and other manufacturing and
installation requirements that are codified.

fluid-flow nozzle: fluid-flow measurement devige in the
style of an ASME-defined flow nozzle, with fonverg-
ing/diverging sections that use differential pr¢ssure to
measure flow.

flux technique: measurement of droplets that pasqthrough
a fixed area during a specific time interval. It is g number
or flux-weighted technique.

fogging: the humidification of gas turbine inl¢t air by
direct contact with water droplets (e.g., no evaporative
media is utilized).

fogging performance factor: relates the amount pf water
used to cool the inlet air to the target temperatyre to the
amount of water used to cool the air to saturatipn.

fogging spray nozzle: component of a fogging system
employed to cause high-pressure water to bel emitted
into the inlet air-flow stream of the combustion turbine
in the form of appropriately sized droplets. T

larger than the stated value and 50% is in droplets with
diameters smaller than the stated value.

Dv,, (or Duvyy): This is the representative diameter
where 90% of the total volume of the liquid sprayed is
in droplets with diameters smaller than or equal to the
stated value.

electric efficiency: the ratio of the electrical energy output
to the energy supplied to the power system, expressed
as a percentage. It is inversely related to heat rate.

forced draft tower: a type of mechanical draft tower in
which the air-moving device is located at the air inlet.

gage pressure: pressure measured with respect to the
atmospheric pressure.

gage pressure transmitter: an instrument that measures
pressure referenced to atmospheric pressure and trans-
mits the information.

gas turbine (GT): a machine that converts thermal energy
into mechanical work; it consists of one or several
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rotating compressors, one or several thermal devices
that heat the working fluid (typically via combustion),
one or several turbines, a control system, and essential
auxiliary equipment. Any heat exchangers (excluding
exhaust-heat recovery exchangers) in the main working-
fluid circuit are considered to be part of the gas turbine.
For the purposes of this Code, this definition is synony-
mous with “combustion turbine.”

gas turbine power plant: gas turbine and all essential

power. Sensors are included that may not, by them-
selves, incorporate a display but that transmit signals
to remote computer-type devices for display, process-
ing, or process control. Also included are items of
ancillary equipment directly affecting the display
of the primary instrument (e.g., an ammeter shunt).
Also included are tools or fixtures used as the basis
for determining part acceptability.

laboratory calibration: the process by which calibrations

equipmgnt necessary for the production of power in a
useful fdrm (e.g., electrical, mechanical, or thermal).

heat load] the rate of heat removal, or the amount of heat
required|to be dissipated from a heat exchanger.

heat loss]energy quantity that leaves the test boundary
outside qlefined exits.

heat sink{ the reservoir to which the heat rejected by the
system i transferred. For a pond, river, lake, or ocean
cooling $ystem, the reservoir is the body of water. For
an evapdrative or dry air-cooled heat exchanger system,
the reservoir is the ambient air.

heater: aldevice that is used to increase the tempera-
ture of ambient air prior to its entering the compressor
inlet.

hot watef temperature: weighted average temperature
of heatefl water entering a system heat-rejection com-
ponent (e.g., cooling tower for a chiller system, heat
exchanggr, etc.).

impingempient nozzle: a fogging nozzle in which a stream
of high-pressure water is directed to the tip of an impaet
pin where the stream of water is sheared to produce
fog-size droplets.

indirect gvaporative cooler: an evaporative cooling sys-
tem in yhich the evaporation process.is external to
the inletfair stream and does not increase the moisture
content pf the inlet air stream. An‘example would be
circulatihg water from a cooling\tower through coils in
the inlet{air duct.

induced {Iraft tower: a type\of mechanical draft tower
in which the air-moying-device is located at the air
exhaust,

injection|fluid: gdaséous or liquid stream that enters the
test boufdary:

inlet air|trentment device: the device used to cool or

are performed under controlled conditions with highly
specialized measuring and test equipment that has'been
calibrated by approved sources, and remain. tracdable
to the National Institute of Standards and Technology
(NIST) or a recognized natural physical(intrinsic) jcon-
stant through unbroken comparisdns having deffned
uncertainties.

ligament: the relation of the liquid in the air stream fprior
to discreet atomization. Waterinitially sprayed from an
atomizing nozzle initially shears from the water flow
stream into ligaments béfore achieving a spherical drop-
let shape.

light-scattering (@iffraction) instrument: a measurement{sys-
tem that is uSed to determine the size distribution of|par-
ticles based\on the light-scatter pattern that is measjired
using diodes. The scatter pattern from a population ofjpar-
ticles-can be deconvoluted mathematically to infer a|size
distribution based on known light-scattering principlg

2

loop calibration: the calibration of the instrument thrqugh
the signal-conditioning equipment including the reqord-
ing device.
makeup: water added to the system to replace watey lost
by evaporation, drift, blowdown, and leakage.

mass median diameter (MMD): see Dvo5.

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

measurement uncertainty: estimated uncertainty aspoci-
ated with the measurement of a process parametg¢r or
variable.

mechanical draft tower: a type of cooling tower thrqugh
which the air movement is affected by mechanical
devices. See forced draft tower and induced draft towen

natural draft tower: a type of cooling tower through wthich
the air movement is affected by the difference in d¢nsi-

Hoac oftha antaring and ovhotict 210

heat theTnlet air prior to entry into the gas turbine
compressor.

inlet manifold: the last section of inlet duct that the air-
flows through before entering the inlet bellmouth.

instrument: a tool or device used to measure physi-
cal dimensions of length, thickness, width, weight,
or any other value of a variable. These variables can
include size, weight, pressure, temperature, fluid
flow, voltage, electric current, density, viscosity, and

nozzle: a generic term for any of the defined types of
nozzles in this Code. The user should take into account
the context in which the term is used and the individual
nozzle of interest to determine which specific nozzle
type applies for their specific situation.

nozzle area, nozzle throat area: see bore area.

Nukiyama-Tanasawa: a three-parameter model curve fit
describing the droplet-size distribution.
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obscuration (optical concentration): the amount of incident
laser light as measured by the detector that is “blocked”
by the presence of the spray droplets.

open-loop heater/chiller system: a heating/chilling sys-
tem that operates in such a way that the working fluid
becomes entrained in the gas turbine inlet air stream.

parameter: a direct measurement; also, a parameter is a
physical quantity at a location that is sensed by direct
measurement of a single instrument, or determined by

records: a complete set of measurements for a particular
point of operation of a nozzle. The measurements must
be sufficient to determine all nozzle performance vari-
ables as defined in this standard.

redundant instrumentation: two or more devices meas-
uring the same parameter with respect to the same
location.

reference heat balance: diagram indicating the base ther-
modvnamic conditions for the steam turbine to which

the pveraged measurements of several similar instru-
merts of the same physical quantity.

perfdrmance factor: a generic term that describes a test
goal that is used to define the overall performance char-
actefistic of a specific technology:

Tdchnology Performance Factor

Evaporative cooling Effectiveness

Fogging Fogging performance factor
Chilling N/A
Heafing N/A

primary element: the component of a differential-pressure
flow-metering run that is flanged or welded between
spedially manufactured pipe sections, across which the
pressure drop is measured to calculate flow. The compo-
nen{ may be an orifice plate, a nozzle, or a venturi.

primary parameter: a direct measurement and a physis
cal quantity at a location that is determined by a single
instfument, or by the average of several similar instru-
merts, that is used in the calculations of test results.

primary variables: variables used in calculations of test
ts. They are further classified as
Class 1 — primary variables aré.those with a rela-

sensitivity coefficients.

random error, & : sometimes called precision error; the true
random error, which characterizes a member of a set of
measurements\[Varies in a random, Gaussian (normal)
marjner, fromivneasurement to measurement].

random wficertainty, 2S: an estimate of the plus/minus (+)
limils of random error with a defined level of confidence
(usually 95%).

range: difference between hot water and cold water
temperatures.

recirculation: that portion of the tower exhaust air that
reenters the tower inlet. It can be expressed as a differ-
ence between the average entering and windward side
wet-bulb temperatures.

test results are corrected.

relative span factor (RSF): a dimensionless” pjrameter
indicative of the uniformity of the drop’size distribu-
tion. It is given by RSF = (Dvy, — D@y, )/ Do,

Rosin-Rammler [Rosin Rammler,Sperling Bennett (RRSB)]:
a two-parameter model curve fit describing the drop-
let-size distribution. Refet,to*DIN Standard 66[145.

run: the readings and /ot recordings sufficient to calcu-
late performance at.oné operating condition.

Sauter mean diaméter (SMD): see D,

secondary pdrdmeter: a parameter that is not|used in
the calculation of test results, but is used to erjsure the
required test condition was not violated.

secongary variables: variables that are calculategl but do
n@benter into the calculation.

Sensitivity: the ratio of the change in a result fo a unit
change in a parameter.

spatial technique: measurements of droplets cpntained
within a volume under conditions such that [the con-
tents of the volume do not change during any single
measurement.

specific volume: the volume of air-vapor mixture per unit
mass of dry air.

standard atmospheric conditions: 101.325 kPa (14.496 psia),
288.15 K (519°R), and relative humidity of 6P% [also
called STP (standard temperature and pressurf)].

stratification: the condition in which an inlet ajr condi-
tion is measurably different (greater than the pccuracy
of instrumentation) throughout the flow sfream in
a given cross section of inlet air duct when dperating
an inlet air-cooling or air-heating system (al§o called
nonhomogeneous).

- her equip-
ment within the power plant (e.g., cooling towers, open air-cooled
generator vents, finned-fan heat exchangers, etc.) can cause signifi-
cant stratification that makes determination of stratification by the
cooling or heating system impractical.

surface area-length (absorption diameter): see D,,.

surface area mean diameter (SAMD): see D,
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swirl nozzle: a fogging nozzle in which water enters a
whirl chamber behind the faceplate of a nozzle from
an angle that is tangential to the orifice in the face-
plate through one or more passages. Water flowing
through the orifice is sheared into ligaments by the
whirling movement of water flowing from the ori-
fice. This type of nozzle is also referred to as a pin-
less-type nozzle.

systematic error, d: see bias error.

transmission: 1 — obscuration, or if obscuration is
a percent value, then it is equal to the quantity of
(100 — obscuration)%.

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

univariate correction: a correction that is a function of only
one independent parameter.

uncertainty, f: an estimate of the plus/minus
of systematic error with a defined level of con-

test reagling: one test

instrumgntation.

recording of all required

test run: § group of test readings taken over a specific time
period oyer which operating conditions remain constafit
or nearlyf so.

test unceftainty: uncertainty associated with a~cerfected
test result.

total (meqsurement) error, i: the true, unknown difference
between|the assigned value of a paramefer or test result
and the frue value.

traceable:|a term used to indicatethat records are available
demonstrating that the instrdment can be traced through
a series pf calibrations tosan‘appropriate ultimate refer-
ence sudh as the Natidonal Institute for Standards and
Technolggy (NIST).

Ige-
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braic equation that must be determined.

verification: a set of operations that establish.evidence
by calibration or inspection that specified,requirenfents
have been met.

vignetting (optical cutoff): an optical effeet' that occurs when
the diffraction from any droplet ifithe spray is at sugh an
angle that it reaches the plane 6fthe receiving lens outside
the aperture of the lens. In general, the farthest edge of the
spray should be within the”*working distance” of thq col-
lecting lens, as defined.by the instrument manufacturgr.

volume length (evaporative) diameter (ED): see D,,.
volume mean dinygeter (VMD): see D,

water carryquer (general): water in the form of droplefs or
coalescédrand flowing along inlet surfaces that crosg the
defined) test boundary. In the case of inlet fogging| this
wotlld be water droplets that enter the compressqr or
flow along the inlet bellmouth and inlet struts. In the|case
of inlet-chilling or inlet-fogging systems, the bounflary
will generally be upstream of the inlet silencing pangls.

water consumption: water evaporated into the inlef air
stream.

water discharge: water streams including blowd¢wn,
drain flow, condensed water, and other water effluent
streams from the boundary, as applicable.

wet-bulb depression: the difference between dry-bulbfand

wet-bulb temperatures.

wet-bulb temperature: the temperature indicated by a
properly designed wet-bulb instrument. This clgsely
approximates the thermodynamic wet-bulb tempera-
ture (i.e., temperature of adiabatic saturation).

10
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Section 3
Guiding Principles

susgeptible to in-service failure or breakage or where
spatjal variations in readings are expected, and where
resullts are highly sensitive to the primary reading, such
as fqr a Class 1 primary variable.

3-1.p Agreements

Ptfior to any tests, a test procedure shall be prepared
with agreement on the test objective, test scope, exaét
method of testing, and method of measurement. The
test procedure should include the following:

(a) the object of the test, including any secondary
demfonstration tests such as pump performarice, alarm
poirfts, and fogging spray-nozzle atomization, etc.

(b) identification of the test lead, herein referred to
as a| Test Coordinator, who will(direct the testing, as
well as direct the other persorinel involved in testing.
All parties to the test shall bé privileged to be present at
all times to certify that the test is conducted in accord-
ancg with this Code and.any agreements made prior to
the fests.

(c) designationref the party to the test that is respon-
siblg for the preparation of the inlet air-conditioning sys-
tem [for the test.

(d) conditions required for execution of the test.

(ef procedure for recording readings and observations.

T one o .

(g) definition of the base reference conditions.

(h) determination of the number of significant figures
to meet the uncertainty requirements for the test.

(i) type, number, calibration method, and measure-
ment uncertainty of all instruments to be used in accord-
ance with this Code.

(j) method of recording and archiving data.
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d - quipment to be
tested, including definition of stable operation prior to
commencing a test run, which shall be consistent with
operating requirements of the equipmentsupplier.

(I) identification of allowable changes in thf control
system, if any, during the test.

(m) operating characteristics.6f the inlet air-conflitioning
system during the test.

(n) list of auxiliary loads accountable to the dperation
of the inlet air-conditiching system during testing.

(0) curves, thermodynamic models, and/or|numeri-
cal values for corrections or adjustments to be applied to
the test data for'tést conditions differing from the speci-
fied conditions (see Section 5).

(p) méthod of computing test corrections
results,

(g -method of comparing test results with
pérformance.

(r) type, duration, and number of tests to be|run.

(s) definition of the test boundary for the tesf. A sam-
ple testboundary is provided in Fig. 3-1.2-1, and| detailed
examples can be found in Section 5.

(t) limit for deviation of test conditions from the
specified conditions of the inlet air-conditiorjing sys-
tem (see Table 3-3.1-1) and actions to take if limits are
exceeded.

(1) conditions for rejection of outlier test reqdings or
runs.

and test

bpecified

(v) intent of contract or specification if ambiguities or
omissions appear evident.

(w) method of determining the overpll test
uncertainty.

(x) pretest uncertainty analysis.

3-1.3 Preliminary Test Runs

Recorded preliminary test runs serve to det¢rmine if
k instru-

etRoaS- o Mmeastfemen ;“;““
requirements in Section 4, to check adequacy of organi-
zation and procedures, and to train personnel. Parties to
the test may conduct reasonable preliminary test runs
as necessary. Observations during preliminary test runs
should be carried through to the calculation of results as
an overall check of procedure, layout, and organization. If
such a preliminary test run complies with all the necessary
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Fig. 3-1.2-1 Sample Test Boundary
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requirenfents of the test Code, it may be used as an official =~ parties that the equipment is suitable to undergd the
test run Within the meaning of the applicable Code. test.
Sectioh 5 contains several specific test-boundary (c) The test procedure shall be approved by all gerti-
examples. nent parties td\the test, and any deviations to the (ode
that are pexmitted in the commercial test procedure $hall

3-1.4 Agreements and Compliance to Code
Requirements

This C
must be
adheren
critical t

This G
tracts to
tees. If th
requiren
ent part
issues n(
ing list igl

ode is suitable for use whenever performance
determined with minimum uncertainty. Strict
be to the requirements specified in this Code is
achieving that objective.
ode may be incorporated by reference intoleon-
serve as a means to verify commercial\gtraran-
e test is to be conducted as a part of centractual
ent and/or involves more than éne‘independ-
, the pertinent parties to the testshall agree on
t explicitly prescribed by thfe Code. The follow-
entifies specific requirements for conducting a

are altered.ofvoided. The manufacturer may not make
adjustmen i
prevent immediate, continuous, and reliable operation
at all capacities or outputs under all specified operat-
ing conditions of the equipment and the equipment
outside the test boundary. Actions taken pertinent to the
performance test shall be documented and immediately
reported to all pertinent parties to the test.

(b) Testing should be undertaken as soon as possible
after commissioning of the inlet air-conditioning sys-
tem, or immediately following an inspection and pos-
sible correction of defects, which satisfies the pertinent

be identified prior to the test.

(d) Representatives from each of the pertinent pafrties
to thievtest shall be designated who will be part of the
test team and who will observe the test and confirm|that
it was conducted in accordance with the test reqpire-
ments. They should also have the authority, if n¢ces-
sary, to approve any agreed-upon revisions to the| test
requirements during the test.

(e) The pertinent parties shall agree upon
tract or specification requirements regargling
operating conditions, base reference conditions, [per-
formance guarantees, test boundary, and envifon-
mental compliance.

(f) Requirements shall be in support of a Code
including equipment operation, ambient condit
and condition of the equipment.

(¢) Notification requirements shall be establighed
prior to test preparation to ensure all pertinent pajrties
have sufficient time to be present for the test.

(h) The pertinent parties shall have reasonable opjpor-
tunity to examine the inlet air-conditioning equipipent
and agree that it is ready to test.

Con-

test,
ons,

among the pertinent parties as described in para. 3-2.1.

(j) Those conducting the test shall operate the
equipment within the suppliers’ design and operating
specifications.

(k) The pertinent parties shall determine what actions
to take if site conditions are outside the limits listed in
Table 3-3.1-1.

(I) Stability criteria shall be clearly defined prior to
starting a test.
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Table 3-3.1-1 Maximum Permissible Deviation From Base Reference Conditions and Minimum and
Maximum Requirements

Media-Type
Evaporative Cooler

Inlet Heating

Variable Inlet Fogger Inlet Chiller [Note (1)]

Maximum Permissible Deviations

+8.3°C (15°F)
+5.6°C (10°F)

+8.3°C (15°F)
+5.6°C (10°F)

+8.3°C (15°F)
+2.8°C(5°F)

Inlet temperature (dry bulb) +13.9°C (25°F)

Inlet temperature (wet bulb)

ekl eodbad ok -l H
e P 20 I N —o.gJ R a ORI (OO P Ia)

(0.5 psia) (0.5 psia)
Heat Joad 10%

Barofretric pressure —S345+kPa (v; paia)

Minimum Requirements

5.6°C (10°F)

Minium ambient wet-bulb depression 85% of cooling
capacity

[Note (3)]

Minirhum ambient wet-bulb temperature 4.4°C (40°F) 4.4°C (40°F)

[Nate (2)]

Maximum Requirements

46°C (115°F)

Maxifnum dry-bulb temperature

NOTHS:

(1) Heat duty within 20% of design value per ASME PTC 30, subsection 3-14.

(2) THe greater of the values in the table and the equipment manufacturer’s minimum t prevent icing.
(3) Wet-bulb suppression of 85% is provided as a minimum to reduce the uncertainty.that the fogging-system test corrections will reprgsent
systejn performance at rated conditions. System performance at reduced wet-buth'Suppression levels are recommended to verify that pther test
objedtives such as overspray are satisfied (e.g., 50% and 70% of system-related cooling capacity).

(e) readiness of the instrumentation that wil| be used
to record test data.
(f) official start time for the performance tes}.

(mp) Permissible adjustments to equipment operas
tionp during stabilization and between test runs shall\be
agrged upon by the pertinent parties.

() All test data (manual and electronic) shall be dis-
tribjited to all pertinent parties in accordance with para.
3-4.1, including the signing of all hard copies of the test
datq by at least one member of each pertinent party.

(o) Resolution of nonrepeatable-test runs results shall
be apreed upon by the pertinent-parties.

(7 Rejection of test readings shall be done by mutual
agrgement by the pertinent\parties consistent with the
reqyirements of para. 3<5.1:

3-2.2 Pretest Records

Dimensions and physical conditions of parts of the
inlet air-conditioning system required for cal¢ulations
or other test purposes shall be determined and fecorded
prior to the test.

3-2.3 Equipment Inspection

Prior to conducting a test, the equipment should be
inspected to document its condition. The obsgrvations
that should be documented include cleanlinesp, condi-
tion, operability, and age.

3-2| TESTS
3-2.1 Pretest Meeting

After readying the inlet air-conditioning system for
the test and prior to initiation of the performance test,
the [est Coordinator should conduct a meeting with
relevant testing and plant staff personnel. The follow-
ing subjects should be addressed during the pretest
meeting:

(a) deviations in the test setup from the test procedure.

(b) agreementonamethod foraddressingdeviations
from the procedure during the test and after the test.

3-2.4 Preliminary Operation

Before starting the test, the iniet air-conditioning
equipment should be operated to demonstrate thermal
and mechanical operation, stability, and test readiness
of the equipment.

3-3 OPERATION OF TEST

All decisions and agreements are to be documented
and attached to the test raw-data distribution.

(c) roles and readiness of manual data takers.

(d) readiness of the inlet air-conditioning system.

3-3.1 Specified Conditions

Efforts shall be made to conduct the test at or near
to the specified test reference conditions, as practical.
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Table 3-3.1-1 provides the maximum permissible devia-
tions from the base reference conditions for the inlet
dry-bulb and wet-bulb temperatures and the barometric
pressure that shall be met prior to conducting a Code test.
Table 3-3.1-1 also lists the minimum requirements for the
wet-bulb depression, wet-bulb temperature, and maxi-
mum dry-bulb temperature prior to conducting a Code
test. In addition, water discharge and makeup may be
isolated if doing so materially benefits the uncertainty of
the lest. rredditen—torevaporatvecosters F
chillers,
the test quration, downstream of the air stream (existing
view pofts at the bell mouth to the compressor could be
used for|observation), shall be conducted. In the case of
evaporafive coolers and chillers, there shall be no observ-
able fog|at the gas turbine bell mouth. However, there
may be geriodic water droplets on certain surfaces within
the inlet Huct and bell mouth. In the case of foggers, there
shall be o greater than a light fog, as described in paras.
4-9.3 and 4-9.4, within the air stream. If this requirement
is not m¢t or if that the air stream contains greater than a
light fog] the test shall be voided and the operation of the
equipment changed to reduce the carryover to an accept-
able leve|l for performance testing.

3-3.2 Stabilization

Beford starting the test, the inlet air-conditioning
system ghall be run until stable conditions have been
established. Stability will be achieved when the Test
Coordinptor identifies that the continuous monitoring
indicateg the readings have been within the maximuin
permissiple variation as defined in Table 3-3.1-1 and-cal-
culated in para. 3-3.3, over a continuous 30-mirpetiod.

3-3.3 Miaximum Permissible Variation in
Tgst Parameters

Each dbservation of a test parameter during a test run
shall no{ vary from the computéd Javerage for that test
parametpr during the complete/test run by more than
the amotint shown in Table'823.3-1. If the test parameters
vary dugfing any test rusrbeyond the limits prescribed in
Table 3-3.3-1, and if sugh variations are not covered by
written dgreementythe results of the test run shall be not
be consiglered Gode compliant.

3-3.4 A<rjustments

requirements of this Code. No less than 30 measure-
ments of each primary parameter shall be taken during
the test run, and every effort should be made to take all
parameters simultaneously. If manual measurements
must be taken, no less than 10 readings shall be taken
for a 30-min test run. Due to the sensitivity of inlet air-
conditioning systems to ambient conditions, the test run
should not exceed 30 min.

ulrn

A run is a complete set of observations with\thd sta-
tion at stable operating conditions. A test isca singlq run
or the average of a series of runs. Whilexnot requiring
multiple runs, the advantages of multiple runs shpuld
be recognized. Conducting more than éne run will

(a) provide a valid method of/fejecting bad test rjuns.

(b) examine the validity ofthe results.

(c) verify the repeatability of the results. Results nay
not be repeatable due to variations in either test method-
ology (test variations) of the actual performance of the
equipment being tested (process variations).

After compléting the first test run that meets thq cri-
teria for an aeceptable test run (which may be the|pre-
liminary test run), the data should be consolidated|and
preliminary results calculated and examined to ensure
that the'results are reasonable.

3-3.7 Evaluation of Test Runs

When comparing results from two test runs (X;[and
X,) and their uncertainty intervals, the three cases iflus-
trated in Fig. 3-3.7-1 should be considered.

(a) Case I. A problem clearly exists when there is no
overlap between uncertainty intervals. Either umcer-
tainty intervals have been grossly underestimated, an
error exists in the measurements, or the true value i$ not
constant. Investigation to identify bad readings, qver-
looked or underestimated systematic uncertainty, efc., is
necessary to resolve this discrepancy.

(b) Case II. When the uncertainty intervals gver-
lap completely, as in this case, one can be confiflent
that there has been a proper accounting of all nfajor
uncertainty components. The smaller uncertdinty
interval, X, = U,, is wholly contained in the intefval,
X, = U,

(c) Case III. This case, where a partial overlap of the

Once testing has started, adjustments to the equip-
ment that can influence the results of the test shall
require repetition of any test runs conducted prior to the
adjustments.

3-3.5 Duration of Test Run and Frequency of Readings

A sufficient number of readings shall be spaced in
time to show the range of fluctuations, to provide a reli-
able average for the test run, and to meet the uncertainty

trcertatnty—existsts—the—most-ditfiettt—to—anatyze! For
both test run results and both uncertainty intervals to
be correct, the true value lies in the region where the
uncertainty intervals overlap. Consequently, the larger
the overlap the more confidence there is in the validity
of the measurements and the estimate of the uncertainty
intervals. As the difference between the two measure-
ments increases, the overlap region shrinks.

Should a run or set of runs fall under Case I or CaseII,
the results from all of the runs should be reviewed in an
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Maximum Permissible Variation in Test-Run Conditions

Variable

Variation of Any Test Parameter From Calculated Average Test Condition During a
Test Run [Note (1)]

Evaporative Cooler Inlet Fogger Inlet Chiller Inlet Heating
Airflow, % 2.5 2.5 2.5 2.5
Inlet temperature (dry bulb), K °R) 2.2 (4) 2.2 (4) 2.2 (4) 2.2 (4)
Inlet temperature (wet bulb), K (°R) 2.2 (4) 1.1(Q2) NA NA
Barotetric pressure, % 1 1 1 1
Wate[-mass flow rate, % N/A N/A N/A N/A
Wate[ pressure, % N/A 5 N/A N/A
Dowrfstream temperature (dry bulb), K (°R) 2.2 (4) 2.2 (4) 2.2 (4) 2.2 (4)
Dowrfstream temperature (wet bulb), K °R) 2.2 (4) 2.2 (4) N/A N/A
Inlet fir stream pressure drop, % 5 5 5 5
Coolgnt temperature — outlet, K (°R) N/A N/A 3 (5:4) 3 (5.4)
Coolgnt temperature — inlet, K (°R) N/A N/A 3-5.4) 3 (5.4)
NOTH:
(1) Use average of multiple instruments if used for any station observation.

T

U,

Fig.3-3.7-1 Three Posttest Cases

|

(a) Case I: No Overlap

1ox
U,

(b) Case Il: Complete Overlap

15

(c) Case llI: Partial Overlap
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attempt to explain the reason for excessive variation. If
the reason for the variation cannot be determined, then
either increase the uncertainty band to encompass the
runs to make them repeatable, or conduct more runs so
that the random component of uncertainty may be cal-
culated directly from the test results.

3-4 RECORDS
3-4.1 Test Qbservations

with the requirements for the constancy of test condi-
tions. Each Code test shall include pretest and posttest
uncertainty analyses, and the results of these analyses
shall fall within Code requirements for the type of sys-
tem being tested.

3-5.1 Causes for Rejection of Readings

Immediately upon completion of the test or during the
test itself, the test data shall be reviewed to determine if

Test ofyservations shall be recorded on a data acquisition
system (IDAS) or entered on manual data sheets. Automatic
data logging and advanced instrument systems shall be
calibratedl to the required accuracy. Where manual data is
taken, nq observer shall be required to take so many read-
ings thaf| lack of time may result in insufficient care and
precisior}. Where DAS data and manual data are to be used
to calculgte performance, it is recommended to synchro-
nize watghes to the DAS and to accurately record the time
of manugl data. In addition, every effort should be made to
measure|all parameters simultaneously.

Redur|dant instrumentation should be used to meas-
ure the primary variables that most greatly impact the
uncertaihty of the test results (Critical Test Parameters).
Refer to| subsection 5-1 and Section 7 for guidance.
Any devfiation between the redundant readings of test
parametprs that are measured in the same location shall
be within the accuracy range of the instruments used to
measurelthe test parameter. In the case of any Critical Test
Parametprs that are manually recorded, two data takers
shall be fised to record the Critical Test Parameter.

A conjplete set of unaltered data from the DAStand
manual fata sheets, or facsimiles thereof, shall.be¢ome
the propprty of the pertinent parties. Copies of the man-
ual data pheets and electronic files shall beanade and dis-
tributed fto all relevant personnel. The ebservations shall
be the aqtual readings without the applieation of any cor-
rections gnd shall include the dateand time of day of each
observatjon and shall be labeled such that all relevant
personngl can recognize theddata. The log sheets and all
recorded charts constitutesa\eomplete record. Any perti-
nent additional data/dectmentation shall be submitted
and sigrfed by the pertinent parties at the time of test
completipn; it magnot be utilized in the test or evaluation
but shallfbe recorded by all relevant personnel.

3-4.2 TestRecording Errors

a data point or a series of data points should be 1ejgcted
prior to the calculation of test results. In addition, if the
removal of such data violates any of theruncertdinty
requirements of this Code, the test in itS\entirety ghall
be discarded.

A test log shall be kept to document any events
may adversely impact plant stabjlity. Any plant u
that cause test data to violate/the requirements of Table
3-3.1-1 shall require that data"to be rejected and poid
that test run. A new test rfufi may begin after the reqpire-
ments of Table 3-3.1-1 hgve been met.

that
sets

3-5.2 Uncertainty.

Test uncertdinty and test tolerance are not interchapge-
able terms This Code does not address test tolergnce,
which is‘a contractual term.

Procedures relating to test uncertainty are basedl on
concepts and methods described in subsection |3-1.
ASME PTC 19.1 specifies procedures for evaludting
measurement uncertainties from both random |and
systematic errors, and the effects of these errors o1} the
uncertainty of a test result.

This Code addresses test uncertainty in the folloying
four sections:

(a) Section 1 defines representative test uncertairjties.

(b) Section 3 defines the requirements for pretesfand
posttest uncertainty analyses, and how they are us¢d in
the test. These uncertainty analyses and limits of ¢rror
are defined and discussed in para. 3-5.2.1.

(c) Section 4 describes the uncertainty limits requ
for each test measurement.

(d) Section 7 and Nonmandatory Appendix B
vide applicable guidance for determining pretest
posttest uncertainty analysis results.

ired
[pro-

and

3-5.2.1 Pretest and Posttest Uncertainty Analyse$
3-5211 Pr i lysis

In case of error in a manually recorded observation, a
line shall be drawn through the incorrect entry; the cor-
rect reading shall be recorded above the incorrect entry
and initialed, and an explanation entered in the proper
place of the test records.

3-5 CALCULATION AND REPORTING OF RESULTS

The data taken during the test should be reviewed
and rejected in part or in whole if not in compliance
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shall be performed so that the test can be designed to
meet Code requirements. Estimates of systematic and
random errors for each of the proposed test measure-
ments shall be used to help determine the number and
quality of test instruments required for compliance with
Code or contract specifications.

The pretest uncertainty analysis shall use an esti-
mate of random uncertainty based upon fluctuations of
key parameters based on experience to calculate allow-
able uncertainties. In addition, a pretest uncertainty
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analysis can be used to determine the correction factors
that are significant to the corrected test. For simplicity,
this Code allows elimination of those corrections that
change the test results by less than 0.05%. Also, pre-
test uncertainty analysis should be used to determine
the level of accuracy required for each measurement to
maintain overall Code standards for the test.

3-5.2.1.2 Posttest.

A posttest uncertainty analy-

quality of the test, which should meet or exceed the rep-
resentative test uncertainties described in Section 1.

3-5.3 Test Report

Copies of all data will be distributed by the Test
Coordinator to those requiring it at the conclusion of
the test. A test report shall be written in accordance with
Section 6 and distributed by the Test Coordinator. A pre-
imi i ing i results
may be required before the final test report is submitted.

17
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Section 4
Instruments and Methods of Measurement

4-1 GEN

RAI REQUIRFME N

4-1.1 Introduction

This Jection presents the mandatory provisions for
instrumgntation utilized in the implementation of an
ASME P[I'C 51 test for gas turbine inlet air-conditioning
equipmgnt. Per the philosophy of ASME Performance
Test Codes (PTC 1) and subsection 1-1 herein, it does so
in consideration of the minimum reasonably achievable
uncertaipty. The Instruments and Apparatus supple-
ments t¢ ASME Performance Test Codes (ASME PTC
19 Serie$) outline the details concerning instrumenta-
tion and|the governing requirements of instrumentation
for all ASME Code performance testing. The user of this
Code shall be familiar with ASME PTC 19.1, ASME PTC
19.2, ASME PTC 19.3, ASME PTC 19.5, and ASME PTC
19.22 as ppplicable to the instrumentation specified and
explainef in this Section.

For thp convenience of the user, this Section reviews
the critidal highlights of portions of those supplements
that dirdctly apply to the requirements of this Code.
This Sedtion also contains details of the instrumenta-
tion reqiiirements of this Code that are not specifically
addressdd in the referenced supplements. Such, details
include flassification of measurements for the purpose
of instrymentation selection and maintenance, calibra-
tion and| verification requirements, andvether informa-
tion spedific to an ASME PTC 51 test.

If the nstrumentation requirements/in the Instrument
and Apppratus supplement become.more rigorous as they
are upddted, due to advances-in-the state of the art, their
requirenfents shall supersede.those set forth in this Code.

Both U.S. Customary and SI units are shown in all
equatiorfs in this Settion. In text, tables, and figures,
the SI velue is followed by the U.S. Customary value in
parenthdses. HoweVer, any other consistent set of units
may be fised:

4-1.2 Criteriafor Setectiomo aremntatio

4-1.2.1 Measurement Designation. Measurements
may be designated as either a parameter or variable. The
terms “parameter” and “variable” are sometimes used
interchangeably in the industry and in some other ASME
Codes. This Code distinguishes between the two.

parameter: a direct measurement and a physical quantity at
a location that is determined by a single instrument, or by
the average of several similar instruments. In the latter case,

18

al instrumen o determine a parameter
that has potential to display spatial gradient qualities, puch
as inlet air temperature. Similarly, multiple instrunjents
may be used to determine a parameter simply for reflun-
dancy to reduce test uncertainty, such as utilization of two
temperature measurements of the air,in ‘a’plenum i the
same plane, where the temperature gradient is expect¢d to
be insignificant. Typical parametefs'measured in an ABME
PTC 51 test are temperature and/pressure.

variable: an indirect measurement and an unknpwn
quantity in an algebraic-équation that is determjned
by parameters. The performance equations in Sectipn 5
contain the variables“used to calculate the performpnce
results. Typical variables in these equations are airflow,
correction faetors, and electrical power consumpfion.
Each variable can be thought of as an intermediate r¢sult
needed te'determine the performance result.

Pasdrheters are therefore the quantities meas
direetly to determine the value of the variables neq
to calculate the performance results per the equatio
Section 5. Examples of such parameters are tempera
pressure, and differential pressure for the calculatid
the variable airflow.

ired
ded
S in
ure,
n of

4-1.2.2 Measurement Classification. A parametpr or
variable is classified as primary or secondary depenfient
upon its usage in the execution of this Code. Param¢ters
and variables used in the calculation of test result$ are
considered primary parameters and primary variaples.
Alternatively, secondary parameters and secondary|var-
iables do not enter into the calculation of the resultg but
are used to ensure that the required test condition|was
not violated.
Primary parameters and primary variables are fufther
classified as Class 1 or Class 2 depending on their fela-
tive sensitivity coefficient to the results of the test. (lass
1 primary parameters and Class 1 primary variablef are
- ; o " b 20,
per percent or greater. The primary parameters and
primary variables that have a relative sensitivity coeffi-
cient of less than 0.2% per percent are classified as Class
2 primary parameters and Class 2 primary variables.
Due to an arbitrary zero point, in the case of tempera-
ture measurements for primary parameters and primary
variables, the relative sensitivity coefficient of 0.2% per
percent shall be substituted as 0.2% per degrees Celsius
(0.11% per degrees Fahrenheit).
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4-1.2.3 Instrumentation Categorization. The instru-
mentation employed to measure a parameter will have
different required type, uncertainty, redundancy, and
handling depending upon whether the parameter
is Class 1 primary, Class 2 primary, or secondary. For
the determination of secondary parameters, less accu-
racy is required. The instruments that measure second-
ary parameters may be permanently installed plant
1nstrumentat10n This Code does requlre Verlflcatlon

verification can be by cahbratlon or by comparison
agaipst two or more independent measurements of the
pardgmeters referenced to the same location. The instru-
ments should also have redundant or other independ-
ent fnstruments that can verify the integrity during the
test period. Instrumentation is categorized as Class 1 or
Clasgs 2 depending on the instrumentation requirements
defihed by that parameter. Care shall be taken to ensure
the jnstrumentation meets the requirements set forth in
this Code with regard to classification.

4-1.2.3.1 Class 1 Instrumentation. Class 1 instru-
menjtation shall be used to determine Class 1 primary
pargmeters. Class 1 instrumentation requires high accu-
racy| instrumentation shall meet specific manufacturing
and |installation requirements, as specified in the ASME
PTd 19 Series supplements. Class 1 instrumentation
requires precision laboratory calibration except in the
instgnce where the uncertainty limits set forth in this Code
can pbe met without precision laboratory calibration.

4-1.2.3.2 Class 2 Instrumentation. Class(2 instru-
menftation, or better, shall be used to detérmine Class
2 pyimary parameters. Class 2 instrumentation does
not fequire laboratory calibrations other than that per-
fornjed in the factory for certificatieny,but it does require
field verification by techniques desetibed herein.

4-1.8 Instrument Calibration-and Verification

4-1.3.1 Introductions \Jhe result of a calibration per-
mits the estimationof‘errors of indication of the measur-
ing Instrument or measuring system, or the assignment
of vdlues to markson arbitrary scales. The result of a cali-
bratjon is sehdetimes expressed as a calibration factor, or
as a|series of calibration factors in the form of a calibra-
tion cusve: Calibrations shall be performed in a control-

4-1.3.1.1 Laboratory Calibration. Laboratory cali-
brations shall be performed in strict compliance with
established policy, requirements, and objectives of a labo-
ratory’s quality assurance program. Consideration shall
be taken to ensure proper space, lighting, and environ-
mental conditions such as temperature, humidity, ven-
tilation, and low noise and vibration levels. Laboratory
calibration applications shall be employed on all Class 1
instrumentation, w1th the exceptlon of dev1ces that can
rreetHs Attty ade with-
out laboratory calibration.

4-1.3.1.2 Field Calibration. Adequate fneasures
shall be taken to ensure that the recessary calibration
status is maintained during trahsportation anpd while
on-site. The response of the referénce standardg to envi-
ronmental changes or other rélevant parameterg shall be
known and documented, Field calibration meaqurement
and test equipment réquires calibration by approved
sources that remain.traceable to NIST, a reg¢ognized
international standards organization, or a reg¢ognized
natural physical-(intrinsic) constant through ynbroken
comparisahs having defined uncertainties. Th¢ achiev-
able unéertainties of field calibrations can norpally be
expected to be larger than those for laboratoryf calibra-
tions.'due to allowances for aspects such as the envi-
rofiment at the place of calibration and other|possible
adverse effects, such as those caused by transpoftation of
the calibration equipment. Field calibration apglications
are commonly employed on instrumentation |measur-
ing secondary parameters and Class 2 instrunjentation
that are identified as out-of-tolerance during field veri-
fication as described in para. 4-1.3.2. Field caljbrations
should include loop calibrations as defined |in para.
4-1.3.8. Field calibrations should be used as a|check of
Class 1 instrumentation that is suspected to havle drifted
or that does not have redundancy.

4-1.3.2 Verification.  Verification provides|a means
for checking that the deviations between valfies indi-
cated by a measuring instrument and corregponding
known values are consistently smaller than the{limits of
the permissible error defined in a standard, refgulation,
or specification particular to the management of the
measuring device. The result of the verification| leads to
a decision either to restore to service, to perforrn adjust-
ments, to repair, to downgrade, or to declare ofjsolete.

L
results. Due consideration shall be given to temperature,
humidity, lighting, vibration, dust control, cleanliness,
electromagnetic interference, and other factors affect-
ing the calibration. Where pertinent, these factors shall
be monitored and recorded, and as applicable compen-
sating corrections shall be applied to calibration results
obtained in an environment that departs from acceptable
conditions. Calibrations performed in accordance with
this Code are categorized as either laboratory or field
calibrations.

Verification techniques include field calibrations, non-
destructive inspections, intercomparison of redundant
instruments, check of transmitter zeros, and energy-
stream accounting practices. Nondestructive inspections
include, but are not limited to, atmospheric pressure
observations on absolute pressure transmitters, field
checks including visual inspection, and no-load read-
ings on power meters. Intercomparisons include, but
are not limited to, water or electronic bath checks on
temperature measurement devices and reconciliations
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on redundant instruments. The applicable field verifica-
tion requirements shall be judged based on the unique
requirements of each setup. As appropriate, manufac-
turer’s recommendations and the Instruments and
Apparatus supplements to ASME Performance Test
Codes should be referenced for further field verification
techniques.

4-1.3.3 Reference Standards. Reference standards

or Class 2) should be performed in a manner that repli-
cates the condition under which the instrument will be
used to make the test measurements. As it is often not
practical or possible to perform calibrations under rep-
licated environmental conditions, additional elemental
error sources shall be identified and estimated. Error
source considerations shall be given to all process and
ambient conditions that may affect the measurement sys-
tem, including temperature, pressure, humidity, radia-

Shall be Ubll.ll lcl)/ \_auulal.cd O d IITAdITTICT l,} lClI. IJLUVLdCD
traceablll:ty to NIST, another recognized international
standards organization, or defined natural physical
(intrinsi¢) constants that have accuracy, stability, range,
and resojution for the intended use. They shall be main-
tained f¢r proper calibration, handling, and usage in
strict compliance with a calibration laboratory quality
program|. When it is necessary to utilize reference stand-
ards for|field calibrations, adequate measures shall be
taken to|ensure that the necessary calibration status is
maintairfed during transportation and while on-site.
The intdgrity of reference standards shall be verified
by profifiency testing or interlaboratory comparisons.
All refefence standards should be calibrated as speci-
fied by the manufacturer or other frequency as the user
has data|to support extension of the calibration period.
Supporting data is historical calibration data that dem-
onstrate§ a calibration drift less than the accuracy of the
referenc¢ standard for the desired calibration period.

The cdllective uncertainty of reference standards shall
be known. The reference standards should be selected
such thdt the collective uncertainty of the calibration,
standards contributes less than 25% to the overall (cali-
bration fincertainty. The overall calibration unceftainty
of the cglibrated instrument shall be deterrhined at a
95% confidence level. A reference standard with a lower
uncertaipty may be employed if the ungertainty of the
referenc¢ standard combined with the-random uncer-
tainty of{the instrument being calibrated is less than the
accuracy| requirement of the instrument. For example,
for somg¢ kinds of flow meteting, the reference calibra-
tion starjdard contributes.mofe than 25% to the overall
calibratipn frequency. However, curve fitting from cali-
bration ip achievable from a 20-point calibration in a lab
with an fincertainty.of approximately 0.2%.

In gerjeral, «all\Class 1 and Class 2 instrumentation
used to medstre primary (Class 1 and Class 2) param-
eters shhll(be calibrated against reference standards

' 'S
O €t€

4-1.3.5 Instrument Ranges and Calibration, Pofnts.
The number of calibration points depends upon the flas-
sification of the parameter the instrumet will meagure.
The classifications are discussed in para. 4-1.2.2.|The
calibration should have points that bracket the expected
measurement range. In some cases, of flow measurenpent,
itmay be necessary to extrapalate'a calibration (see APME
PTC19.5).

4-1.3.5.1 Primary.Parameters

(a) Class 1 Instiumentation. The instruments megsur-
ing Class 1 primary parameters should be labordtory
calibrated at'a’minimum of 2 points more than the ofrder
of the calibration curve fit, whether it is necessary to
apply thecalibration data to the measured data, or if the
instpument is of the quality that the deviation between
the Taboratory calibration and the instrument reagling
is negligible in terms of affecting the test result. Flow
metering that requires calibration should have a 20-foint
calibration. Instrument transformers do not require [cali-
bration at 2 points more than the order of the caljbra-
tion curve fit and shall be calibrated in accordance vith
para. 4-7.5.

Each instrument should also be calibrated such
the measuring point is approached in an increasingland
decreasing manner. This exercise minimizes any fpos-
sibility of hysteresis effects. Some instruments are built
with a mechanism to alter the range once the instruthent
is installed. In this case, the instrument shall be [cali-
brated at each range to be used during the test perigd.

Some devices cannot practically be calibrated ovef the
entire operating range. An example of this is the cal{bra-
tion of a flow-measuring device. These devices are [cali-
brated often at flows lower than the operating rangeland
the calibration data is extrapolated. This extrapolatipn is
described in subsection 4-5.

that

traceable to NIST, another recognized international
standards organization, or recognized natural physical
(intrinsic) constants with values assigned or accepted
by NIST. Instrumentation used to measure secondary
parameters need not be calibrated against a reference
standard. These instruments may be calibrated against
a calibrated instrument.

4-1.3.4 Environmental Conditions. Calibration of
instruments used to measure primary parameters (Class 1

20

If a device meets the uncertainty requirements set
forth in this Code without being calibrated, the device is
not required by this Code to be calibrated.

(b) Class 2 Instrumentation. The instruments measur-
ing Class 2 primary parameters should be calibrated at a
minimum of the number of points equal to the order of the
calibration curve fit. If the instrument can be shown to typ-
ically have a hysteresis of less than the required accuracy,
the measuring point need only be approached from one
direction (either increasing or decreasing to the point).
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4-1.3.5.2 Secondary Parameters. The instruments
measuring secondary parameters should undergo
field verifications as described in para. 4-1.3.2 and, if
calibrated, need only be calibrated at one point in the
expected operating range.

4-1.3.6 Timing of Calibration. Because of the vari-
ance in different types of instrumentation and their

requirements of the test, further investigation shall be
conducted.

A posttest laboratory calibration might be ordered,
and engineering judgment shall be used to deter-
mine whether the initial calibration or the recalibra-
tion is correct by evaluating the field verifications.
Below are some recommended field verification prac-
tices that lead to the application of good engineering

care, no mandate is made regarding the time interval judgment.

bet" CTIT l} < iuilia} IQLULQ:.UJ.}’ \.ah‘ulatiuu dl ld ll,}lc ;.CD:. \/‘:l‘ ‘VA'Th\fll ;1 lgtl Ulll\/lltUt;\Jll ;\-7 tlullot’\llt\/d t\» the test
peripd. Treatment of the device is much more important  site between the calibration and the test period, a single-
thar| the elapsed time since calibration. An instrument  point check prior to and following the test'pdriod can

may| be calibrated one day and mishandled the next.
Conlersely, an instrument may be calibrated and placed
on g shelf in a controlled environment and the calibra-
tion| will remain valid for an extended time period.
Simf{larly, the instrument can be installed in the field but
valvied-out of service, and/or it may, in many cases, be
expgsed to significant cycling. In these cases, the instru-
menjtation is subject to vibration or other damage and
shal] undergo field verification.

All test instrumentation used to measure Class 1 pri-
marl parameters shall be laboratory calibrated prior to
the fest and shall meet specific manufacturing, instal-
latign, and operating requirements, as specified in the
ASMIE PTC 19 series supplements. No mandate is made
regarding quantity of time between the laboratory cali-
bratfon and the test period. Test instrumentation used to
meafure Class 2 parameters and secondary parameters
do njot require laboratory calibration other than that per-
fornjed in the factory for certification, but it does,require
field verification prior to the test.

Fqllowing a test, field verifications shall be'conducted
on ifstruments measuring parameters whete there is no
redyndancy or for which data is questionable. For the
purpposes of redundancy, plant instfumentation may be
used in the field verification. If restilts indicate unaccept-
able[drift or damage, further-investigation shall be con-
ducted. Flow element devices-meeting the requirements
rth by this Code to\measure Class 1 and Class 2
ary parameters«and variables need not undergo
inspection followirig’the test if the devices have not expe-
bed conditiens.that would violate their integrity.

441.3.7 .Calibration Drift. When field verification indi-
categ the-drift is less than the instrument accuracy, the
driftf iscconsidered acceptable and the pretest calibration

isolate when the drift may have occurred. An
of this check is vented pressure transmitters,
on watt meters, and ice-point temperature in
check.

(b) In locations where redundant instrumjentation
is employed, calibration drift should be gnalyzed
to determine which-calibration data (the inifial cali-
bration or recalibration) produces better agreement
between redundant instruments.

example
no load
trument

4-1.3.8 Loop Calibration.
used to‘medsure primary parameters (Class 1
2) should be loop calibrated. Loop calibration jnvolves
the“ealibration of the instrument through th¢ signal-
eonditioning equipment. This may be accomplished
by calibrating instrumentation employing the test-
signal conditioning equipment either in a laporatory
or on site during test setup before the instrfiment is
connected to process. Alternatively, the signgl-condi-
tioning device may be calibrated separately from the
instrument by applying a known signal to eafh chan-
nel using a precision signal generator.

Where loop calibration is not practical, ah uncer-
tainty analysis shall be performed to enspre that
the combined uncertainty of the measuremlent sys-
tem meets the uncertainty requirements dpscribed
herein.

Instrumentation with digital output need|be cali-
brated only through to the digital signal outpit. There
is no further downstream signal-conditioning equip-
ment as the conversion of the units of measufe of the
measured parameter has already been performed.

All analog instruments
or Class

4-1.3.9 Quality Assurance Program. Each| calibra-
tion laboratory shall have in place a quality apsurance

shall be used as the basis for determining the test results.
Occasionally the instrument calibration drift is unaccept-
able. Should the calibration drift, combined with the refer-
ence standard accuracy as the square root of the sum of
the squares, exceed the required accuracy of the instru-
ment, it is unacceptable.

Calibration drift can result from instrument mal-
function, transportation, installation, or removal
of the test instrumentation. When field verification
indicates unacceptable drift to meet the uncertainty

21

program. This program is a method of documentation
where the following information can be found:

— calibration procedures

— calibration technician training

— standard calibration records

— standard calibration schedule

— instrument calibration histories

The quality assurance program should be designed
to ensure that the laboratory standards are calibrated
as required. The program also ensures that properly
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trained technicians calibrate the equipment in the cor-
rect manner.

The Parties to the test should be allowed access to the
calibration facility for auditing. The quality assurance pro-
gram should also be made available during such a visit.

4-1.4 Plant Instrumentation

Plant instrumentation shall not be used for pri-
mary measurements, unless the plant instrumentation

— friction loss
— trapped fluid (i.e., gas in a liquid line or liquid in a
gas line)

— 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 devices that produce electromotive
force (emf), such as motors, generators, electrical con-

(includinjg signal-conditioning equipment) can be dem-
onstratedl to meet the overall uncertainty requirements.

In thd case of flow measurement, all instrument
measurefnents (process pressure, temperature, differen-
tial prespure, or pulses from metering device) shall be
recorded.

4-1.5 Redundant Instrumentation

Wherq experience in the use of a particular model or
type of ihstrument dictates that calibration drift may be
unacceptable, and no other device is available, redundant
instrumgntation should be used. Redundant instruments
should b used to measure all primary (Class 1 or Class 2)
paramet¢rs, when practical. Exceptions are redundant
flow elerhents and redundant electrical-metering devices,
because pf the large increase in costs.

Other [independent instruments in separate locations
can alsof monitor instrument integrity. A sample case
would bg a constant enthalpy process in which, by com-
paring epthalpies, the pressure and temperature at one
point in p steam line are used to verify the pressure and,
temperafure at another location in the line.

4-2 PRESSURE MEASUREMENT
4-2.1 Introduction

This spibsection presents requirerienits and guidance
regardiniz the measurement of ptessure for this Code.
Electron]c pressure-measureméernt equipment should be
used for[primary measurentents to minimize systematic
and random error. Eledtronic pressure-measurement
equipmgnt is preferred<duie to inherent compensation
procedutes for sensitivity, zero balance, thermal effect
on sensitivity, and’thermal effect on zero. Other devices
that megt thesuncertainty requirements of this Section
may be fised_The uncertainty of the pressure measure-

1k la it Jdal ool 1 1
Tt CaprC oy S CreCTH ear SeYvIeePaners:

Prior to calibration, the pressure transmitter tqnge
may be altered to match the process better.(How¢ver,
the sensitivity to ambient temperature fluctuation may
increase as the range is altered.

Additional calibration points will-increase the dccu-
racy but are not required. During€alibration, the nfeas-
uring point should be approachéd from an increasing
and decreasing manner tolMbinimize the hystefesis
effects.

Some pressure transmitters have the capability of
changing the range onice the transmitter is installed.| The
transmitters shall’be-calibrated at each range to be fised
during the test/period.

Where appropriate for steam and water processes, the
readings from all static pressure transmitters and|any
differential pressure transmitters with taps at diffdrent
elevations (such as on vertical flow elements) shall be
adjusted to account for elevation head in water |egs.
This adjustment shall be applied at the transmitter, in
the control system or data acquisition system, or mainu-
ally by the user after the raw data is collected. Care ghall
be taken to ensure this adjustment is applied properly,
particularly at low static pressures, and that it is pnly
applied once.

4-2.2 Required Uncertainty

The required uncertainty depends upon the tyge of
parameters being measured. Refer to paras. 4-1.2.2[and
4-1.2.3 for discussions on measurement classificdtion
and instrumentation categorization, respectively.

Class 1 primary parameters shall be measured ith
0.1% accuracy class pressure transmitters or equiva-
lent. These devices shall have an instrument systenpatic
uncertainty of +0.3% or better of calibrated span.

Class 2 primary parameters shall be measured
0.25% accuracy class pressure transmitters or eq

ith
iva-

ment shdll consider effects including, but not limited to
ambient temperature, resolution, repeatability, linearity,
hysteresis, vibration, power supply, stability, mounting
position, radio frequency interference (RFI), static pres-
sure, water leg, warm-up time, data acquisition, spatial
variation, and primary element quality.

The piping between the process and secondary element
shall accurately transfer the pressure to obtain accurate
measurements. Five possible sources of error include

— pressure transfer

— leaks

22
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uncertainty of =0.50% or better of calibrated span.

Secondary parameters and variables can be meas-
ured with any type of pressure transmitter or equivalent
device.

4-2.3 Recommended Pressure Measurement Devices

Pressure transmitters are the recommended pressure-
measurement devices. The three types of pressure trans-
mitters due to application considerations are as follows:
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— absolute pressure transmitters
— gage pressure transmitters
— differential pressure transmitters

4-2.3.1 Absolute Pressure Transmitters

(a) Application. Absolute pressure transmitters meas-
ure pressure referenced to absolute zero pressure.
Absolute pressure transmitters should be used on all
measurement locations with a pressure equal to or less

4-2.3.3 Differential Pressure Transmitters

(a) Application. Differential pressure transmitters are
used where flow is determined by a differential pressure
meter or where pressure drops in a duct or pipe shall
be determined and it is practical to route the pressure
tubing.

(b) Calibration. Differential pressure transmitters used to
determine Class 1 primary parameters and variables shall
be calibrated at line static pressure unless information is

tha atlllUDlJ}lCliL. A‘uoulutc PLCDDULC tlallblllittClD lllﬂ)’
also|be used to measure pressures above atmospheric
prespure.

(b) Calibration. Absolute pressure transmitters can be
caliBrated using one of two methods. The first method
invdlves connecting the test instrument to a device that
dev¢lops an accurate vacuum at desired levels. Such a
device can be a deadweight gage in a bell jar referenced
to zgro pressure or a divider piston mechanism with the
low fside referenced to zero pressure.

Tlhe second method calibrates by developing and
holding a constant vacuum in a chamber using a
suctjon-and-bleed control mechanism. The test instru-
menjt and the calibration standard are both connected
to the chamber. The chamber shall be maintained at
congtant vacuum during the calibration of the instru-
ment. Other devices can be utilized to calibrate abso-
lute|pressure transmitters provided that the same level
of cqre is taken.

449.3.2 Gage Pressure Transmitters

(a) Application. Gage pressure transmitters measure
pressure referenced to atmospheric pressure:"The test-
site atmospheric pressure shall be added toe the gage
presfure to obtain the absolute pressure.

P, = Py +p, (4-2-1)
The |test-site atmospheric pressure should be measured
by ah absolute pressure transmitter. Gage pressure trans-
mittprs should be used jenly on measurement locations
with pressures higher than atmospheric. Gage pressure
tranpmitters are prefetred over absolute pressure trans-
mittprs in measQirement locations above atmospheric
presfure becatuse'they are easier to calibrate.

(b) Calibration. Gage pressure transmitters should be
calibrated by an accurate deadweight gage. The pres-
generated by the deadwelght gage shall be cor-

tension, p1ston area deflection, actual mass of we1ghts,
actual piston area, and working medium temperature.
If the above corrections are not used, the pressure gen-
erated by the deadweight gage may be inaccurate. The
actual piston area and mass of weights shall be deter-
mined each time the deadweight gage is calibrated.
Other devices can be utilized to calibrate gage pres-
sure transmitters provided that the same level of care
is taken.
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avattablte—detathr 1329 the-effect-of-Hre-static pressufe on the
instrument accuracy that demonstrates compliance with
the uncertainty requirements of para. 4-2.2( €alibrations at
line static pressure are performed by applying the actual
expected process pressure to the instrument as if is being
calibrated. Calibrations at line static préssure can He accom-
plished by one of the following’meéthods:
(1) two highly accuraté deadweight gags
(2) a deadweightgdge and divider comHination
(3) one deadweight gage and one differential
pressure standard
Differential préssure transmitters used to dptermine
Class 2 primaryparameters and variables or sgcondary
parameters and variables do not require calibfation at
line stati¢pressure and can be calibrated using ¢ne accu-
rate deadweight gage connected to the “high| side of
the Tnstrument.
If line static pressure is not used, the span shqlll be cor-
rected for high line static pressure shift unless the instru-
ment is internally compensated for the effect. Pnce the
instrument is installed in the field, the differential pres-
sure from the source should be equalized and a zero
value read. This zero bias shall be subtracted from the
test-measured differential pressure. Other deyices can
be utilized to calibrate differential pressure trafismitters
provided that the same level of care is taken.

2}

4-2.4 Absolute Pressure Measurements

4-2.4.1 Introduction. Absolute pressure mneasure-
ments are pressure measurements that are Below or
above atmospheric pressure. Absolute pressufe trans-
mitters should be used for these measurements. A typi-
cal absolute pressure measurement in an ASME PTC 51
test is barometric pressure.

Barometric pressure transducers shall be co
to display absolute pressure with no additio

sea-level elevations for aviation purposes. Weather sta-
tion data from local airports and Internet websites may
include corrections to sea level and shall not be used in
performance testing calculations without making the
necessary corrections.

For pressure transmitters that are calibrated to stand-
ard sea level, first, determine the difference between the
reported airport pressure and standard sea-level atmos-
pheric pressure, Ap,. This value shall also be the difference
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between the site barometric pressure (p,,,,, ) and stand-
ard atmospheric pressure for the site at elevation Z.

(SI Units)

Ap, = p, (from device calibrated to standard sea level) —
1.013 (4-2-2)

(U.S. Customary Units)

Ap, = p, (from device calibrated to standard sea level) —

In steam service, the sensing line should extend at least
2 ft horizontally from the source before the downward
slope begins. This horizontal length will allow conden-
sation to form completely so the downward slope will
be completely full of liquid.

The water leg is the condensed liquid in the sensing
line. This liquid causes a static pressure head to develop
in the sensing line. This static head must be subtracted
from the pressure measurement. The static head is calcu-

14 AQR (A—?—Q\ I I ) h I +1 - 1. i 1.1 L b
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Add the difference to the standard atmospheric pres-  gravity and the density of the liquid in the sensingine.
sure for fhe site at elevation Z in meters (ft). All vacuum measurement sensing lines shotld sjope
continuously upwards from the source, to the ingtru-
(SI Units ment. A purge system should be usedyto isolatel the
Ppsie 7 AP, + 101.325(1 — 2.25577 X 107° X Z)"5.2559  purge gas during measurement of the process. A fon-

(4-2-4)
(U.S. Cugtomary Units)

Ppsite T Ap), + 14.696(1 — 6.8753 X 107 X Z)"5.2559
(4-2-5)

For vfacuum pressure measurements, differential
pressure| transmitters may be used with the “low” side
of the trgnsmitter connected to the source to effectively
result in|a negative gage that is subtracted from atmos-
pheric pfessure to obtain an absolute value. This latter
method may be used but is not recommended for Class
1 primafy parameters and variables since these meas-
urementp are typically small and the difference of two
larger ngmbers may result in error.

4-2.4.2 Installation. Absolute pressure transmit-
ters usedl for absolute pressure measurements shall be
installed|in a stable location to minimize the effects asso-
ciated wjth ambient temperature, vibration, mechanical
shock, cgrrosive materials, and RFI. Transmitters'should
be installed in the same orientation as they, were cali-
brated. If the transmitter is mounted in @a-position other
than thefone in which it was calibrated, the zero point
may shifff by an amount equal to theJiquid head caused
by the varied mounting positien./Impulse tubing and
mounting requirements should-be installed in accord-
ance with manufacturer’s specifications. In general, the
followinp guidelines should be used to determine trans-
mitter location and pladement of impulse tubing:

(1) Kdep the imptilse tubing as short as possible.

(b) Slppe theimpulse tubing at least 8 cm/m (1 in./ft)
upward |from~the transmitter toward the process con-
nection for\liquid service.

tinuous purge system may be usedhowever, it shall be
regulated to have no influence ofi the reading. Pri¢r to
the test period, readings from¥.all purged instrumgnta-
tion should be taken sucgessively with the purge onland
with the purge off to preve that the purge air hap no
influence.

Each pressure ¢ransmitter should be installed with an
isolation valvefatithe end of the sensing line upstream of
the instrument. The instrument sensing line shoulfl be
vented to cléar water before the instrument is instajled.
This willclear the sensing line of sediment or depris.
Aftersthe instrument is installed, allow sufficient fime
for liquid to form in the sensing line so the reading|will
be correct.

Once transmitters are connected to the process, afleak
check shall be conducted. For vacuum measurementy, the
leak check is performed by isolating first the purge|sys-
tem and then the source. If the sensing line has no l¢aks,
the instrument reading will not change. For nonvacium
measurements, the leak check is performed using a|leak
detection fluid on the impulse tubing fittings.

Barometric pressure devices should be installefl in
the same general area and elevation that is most [rep-
resentative of the test boundary and minimizes|test
uncertainty.

4-2.5 Gage Pressure Measurements

4-2.5.1 Introduction. Gage pressure measuremfents
are pressure measurements that are at or above atgnos-
pheric pressure. These measurements may be npade
with gage or absolute pressure transmitters. Gage pres-

(c) Slope the Impulse tubing atTeast 8 cm/m (T in./ft)
downward from the transmitter toward the process con-
nection for gas service.

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

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

(f) Keep corrosive or high-temperature process
fluid out of direct contact with the sensor module and
flanges.
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SUrc IdelbIIlitIefb bil()uid bt! let!d bi[l(,e they dI'c t'dsier
to calibrate and to check in situ. Typical gage pressure
measurements in an ASME PTC 51 test may include
water pressure and process-fluid pressure.

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

4-2.5.2 Installation. Gage pressure transmitters
used for gage pressure measurements shall be installed
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in a stable location to minimize the effects associated
with ambient temperature, vibration, mechanical shock,
corrosive materials, and RFI. Transmitters should be
installed in the same orientation in which they were
calibrated. If the transmitter is mounted in a position
other than that used during calibration, the zero point
may shift by an amount equal to the liquid head caused
by the varied mounting position. Impulse tubing and

follgwing 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-
nectfon for liquid service.

(c) Slope the impulse tubing at least 8 cm/m (1 in. /ft)
downward from the transmitter toward the process con-
nectjon for gas service.

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

(e} Use impulse tubing large enough to avoid friction
effeqts and prevent blockage

(f| Keep corrosive or high-temperature process
fluid out of direct contact with the sensor module and
flanges.

In|steam service, the sensing line should extend at least
2 ft horizontally from the source before the downward
slope begins. This horizontal length will allow condens
satign to form completely so the downward slope will
be cpmpletely full of liquid.

Tlhe water leg is the condensed liquid or waterin the
senging line. This liquid causes a static preSsure head
to dpvelop in the sensing line. This stati¢ head shall be
subfracted from the pressure measugeinent. The static
head is calculated by multiplying the-sensing line verti-
cal Height by gravity and the density of the liquid in the
senging line.

Eqch pressure transmittershould be installed with an
isoldtion valve at the end ef-the sensing line upstream of
the Instrument. The instrument sensing line should be
venfed to clear water-Or steam (in steam service) before

so the réading will be correct.
ce’transmitters are connected to the process, a leak

measurements in an ASME PTC 51 test may include the
differential pressure loss in a pipe or duct. The differential
pressure transmitter measures this pressure difference or
pressure drop, which is used to calculate the fluid flow.

4-2.6.2 Installation. Differential pressure transmit-
ters used for differential pressure measurements shall be
installed in a stable location to minimize the effects asso-
ciated with ambient temperature, vibration, mechanical

ock—corrosiv atertals—andRE—TFransmittess should
be installed in the same orientation in which\they were
calibrated. If the transmitter is mounted™n* a|position
other than that used during calibration, the z¢ro point
may shift by an amount equal to the liquid heafl caused
by the varied mounting position. Impulse tulping and
mounting requirements shoudd bé installed ir] accord-
ance with manufacturer’s spécifications. In gerjeral, the
following guidelines shofild -be used to determine trans-
mitter location and placement of impulse tubing:

(1) Keep the impulse tubing as short as possjble.

(b) Slope the impulse tubing at least 8 cm/m|(1 in./ft)
upward from the transmitter toward the progess con-
nection forliquid service.

(c) Slope'the impulse tubing at least 8 cm/m|(1 in./ft)
downwrard from the transmitter toward the profess con-
nection for gas service.

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

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

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

(¢) Use impulse tubing large enough to avoigl friction
effects and prevent blockage.

(h) Keep corrosive or high-temperature | process
fluid out of direct contact with the sensor moglule and
flanges.

In steam service, the sensing line should extend at least
2 ft horizontally from the source before the dqwnward
slope begins. This horizontal length will allow|conden-
sation to form completely so the downward slope will
be completely full of liquid.

Each pressure transmitter should be installed with an
isolation valve at the end of the sensing lines ypstream
of the instrument. The instrument sensing lines should
be vented to clear water or steam (in steam| service)
before the instrument is installed. This will ¢lear the

check shall be conducted. The leak check is performed
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 element.
Differential pressure transmitters should be used for
these measurements. Typical differential pressure

sensing lines of sediment or debris. After the instrument
is installed, allow sufficient time for liquid to form in the
sensing line so the reading will be correct.

Differential pressure transmitters should be installed
utilizing a five-way manifold shown in Fig. 4-2.6.2-1.
This manifold is recommended rather than a three-way
manifold because the five-way eliminates the possibil-
ity of leakage past the equalizing valve. The vent valve
acts as a telltale for leakage detection past the equalizing
valves.
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Fig. 4-2.6.2-1 Five-Way Manifold
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Once ransmitters are connected to process, a leak
check shall’be conducted. The leak check shall be per-

For upward flow

formed using a leak-detection fluid on the impulse tub-
ing 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
the upper sensing line is installed against a steam or
water line inside the insulation down to where the lower
sensing line protrudes from the insulation. The correc-
tion for the noninsulated case is shown in Fig. 4-2.6.2-2.

(¢leyx Az (42-6)

Ap =Ap + (p — 2 )
rirue T TNe: e
For downward flow

Ap true Apmeas - (pamb - ppipe) 2 (g/ go) X Az (4'2'7)

4-3 TEMPERATURE MEASUREMENT
4-3.1 Introduction

This subsection presents requirements and guidance
regarding the measurement of temperature of this Code.
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Italsodiscussesrecommended temperature-measurement
devices, calibration of temperature-measurement devices,
and application of temperature-measurement devices.
Due to the state of the art and general practice, electronic
temperature-measurement equipment should be used
for primary measurements to minimize systematic and
random error. The uncertainty of the temperature meas-
urement shall consider effects including, but not lim-
ited to, stability, environmental, self-heating, parasitic
resigtarree—patrastie—volages—resolrtion—repeatabiits
hystpresis, vibration, warm-up time, immersion or con-
duction, radiation, dynamic and spatial variation, and
datal acquisition.

Sihce temperature-measurement technology will
chanjge over time, this Code does not limit the use of
othdr temperature-measurement devices not currently
avaifable or not currently reliable. If such a device
becqmes available and is shown to be of the required
uncgrtainty and reliability, it may be used.

Al signal cables should have a grounded shield
or tpisted pairs to drain any induced currents from
neatby electrical equipment. All signal cables should
be illl\stalled away from emf-producing devices such as
motprs, generators, electrical conduit, cable trays, and
elecfrical service panels.

4-3.p Required Uncertainty

e required uncertainty depends upon the type
of pprameters and variables being measured. Refer,fo
pards. 4-1.2.2 and 4-1.2.3 for discussion on meastire-
classification and instrumentation categorization,
ctively.

pergtures more than 93°C (200%F).

Class 2 primary parameters and variables shall be
detegrmined with tempetrature-measurement devices
that|have an instrumient systematic uncertainty of no
morp than *1.7°€(*=3.0°F).

Sqdcondary patameters and variables should be deter-
mined withi(temperature-measurement devices that
hav¢ an-instrument systematic uncertainty of no more
thany £3.9°C (£7.0°F).

when selecting the most appropriate temperature-
measurement device.

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

Thermocouples should not be used for measurements
below 93°C (200°F). The thermocouple is a differential-

Fpe-device—The-thermoeouplemeasuresthedjfference

between the measurement location in quesfion 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 sjubject to
induced noise, causing increased systematic unfertainty
and inaccuracy.

The primary sources of mleasurement errorp
ated with thermocouples dre typically as follow

— junction connection

— decalibration ef.the thermocouple wire

— shunt impedance

— galvanigraction

— therm@hshunting

— noiSe’and leakage currents

— thermocouple specifications

“The emf developed by a thermocouple mgde from
hethogeneous wires will be a function of the fempera-
ture difference between the measuring and the feference
junction. If, however, the wires are not homogeneous,
and the in homogeneity is present in a region|where a
temperature gradient exists, extraneous emf| will be
developed, and the output of the thermocoyple will
depend upon factors in addition to the temjperature
difference between the two junctions. The hompgeneity
of the thermocouple wire, therefore, is an impoftant fac-
tor in accurate measurements.” [1]

“All base-metal-metal thermocouples becogne inho-
mogeneous with use at high temperatures; However,
if all the inhomogeneous portions of the thefmocou-
ple wires are in a region of uniform temperature,
the inhomogeneous portions have no effect upon
the indications of the thermocouple. Thergfore, an
increase in the depth of immersion of a usedl couple
has the effect of bringing previously unheated portion
of the wires into the region of temperature gradient,
and thus the indications of the thermocouple will
correspond to the original emf-temperature felation,

associ-

@

The—uneertainty—timits—above—are—exelusive—of—the
uncertainty effects of the temperature spatial gradient,
which are considered to be systematic.

4-3.3 Recommended Temperature-Measurement
Devices

Thermocouples, resistance temperature detectors,
and thermistors are the recommended temperature-
measurement devices. Economic, application, and
uncertainty considerations should be taken into account

27

provided the increase in immersion is sufficient to
bring all the previously heated part of the wires into
the zone of uniform temperature. If the immersion is
decreased, more inhomogeneous portions of the wire
will be brought into the region of temperature gra-
dient, thus giving rise to a change in the indicated
emf. Furthermore, a change in the temperature dis-
tribution along inhomogeneous portions of the wire
nearly always occurs when a couple is removed from
one installation and placed in another, even though
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the measured immersion and the temperature of the
measuring junction are the same in both cases. Thus
the indicated emf is changed.” [2]

The elements of a thermocouple shall be electrically iso-
lated from each other, from ground and from conductors
on which they may be mounted, except at the measuring
junction. When a thermocuple is mounted along a conduc-
tor, such as a pipe or metal structure, special care should
be exercised to ensure good electrical insulation between
the ther: ; e ey
currents fn the conductor from entering the thermocouple
circuit anjd vitiating the readings. Stray currents may fur-
ther be r¢duced with the use of guarded intergrating ana-
log/digifal techniques. Further, to reduce the possibility
of magngtically induced noise, the thermocouple wires
should bp constructed in a twisted uniform manner.

Thernjocouples are susceptible to drift after cycling.
Cycling s the act of exposing the thermocouple to proc-
ess temperature and removing to ambient conditions.
The nunpber of times a thermocouple is cycled should
be kept o a minimum.

Thernjocouples can be used effectively in high vibra-
tion. High-vibration measurement locations may not be
conduciye to other measurement devices. The highest
emf per flegree should be used in all applications. NIST
has recommended temperature ranges for each specific
type of thermocouple.

4-3.8.1.1 Class 1 Primary Parameters. Thermoco-
uples uspd to measure Class 1 primary parameters shall
tinuous leads from the measuring junction, o
ction on the reference junction. These high-ac-

insulated and calibrated.

4-3.8.1.2 Class 2 Primary Parameters. Thermoco-
uples uspd to measure Class 2 primafy parameters can
have jurjctions in the sensing wire. The junction of the
two sending wires shall be miaititained at the same tem-
perature] The reference junction may be at ambient tem-
perature|provided thatthe ambient is measured and the
measurement is compensated for changes in the refer-
ence junftion temperature.

4-3.B.1.3-ReferenceJunctions. The temperature of
the refergnee junction shall be measured accurately with

at the same level as the reference junctions and in con-
tact with them. Any deviation from the ice-point shall
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.
When electronically controlled reference junctions are
used, they shall have the ability to control the reference

t oSt pe-Pata—to—theteFth S ooty eNnce
junction since temperature variation, material prdqper-
ties, or wire mismatching can introduce errofs, By [cali-
bration, the overall reference system shall be verffied
to have an uncertainty of less than #0.1°C (=0p°F).
Isothermal thermocouple reference blocKs furnishgd as
part of digital systems may be used, it accordance pith
the Code provided the accuracy is'equivalent to the plec-
tronic reference junction. Cendmercial data acquis|tion
systems employ a measured reference junction, and the
accuracy of this measugemient is incorporated intq the
manufacturer’s specification for the device. The ufcer-
tainty of the referenee junction shall be included in the
uncertainty calctlation of the measurement to detergnine
if the measufement meets the standards of this Codg.

4-3:3,1.4 Thermocouple Signal Measurement. Mlany
instruments are used today to measure the output folt-
age~The use of each of these instruments in a system to
determine temperature requires they meet the uncertginty
requirements for the parameter. The thermocouple| sig-
nal conversion should use ITS-90 software compensation
techniques.

4-3.3.2 Resistance Temperature Detectors (RTDs).
Resistance temperature detectors (RTDs) should pnly
be used to measure from —270°C to 850°C (—454{F to
1,562°F). Reference [4] provides standard specificafions
for industrial platinum resistance thermometers; the
specifications include requirements for manufacfure,
pressure, vibration, and mechanical shock to impfove
the performance and longevity of these devices.

The primary sources of measurement errors aspoci-
ated with RTDs are

— self-heating

— environmental factors

— thermal shunting

— thermal emf

either software or hardware compensation techniques.
The accuracy with which the temperature of the meas-
uring junction is measured can be no greater than the
accuracy with which the temperature of the reference
junction is known. The reference junction temperature
shall be held at the ice-point or at the stable tempera-
ture of an isothermal reference. When thermocouple
reference junctions are immersed in an ice bath consist-
ing of a mixture of melting shaved ice and water [3],
the bulb of a precision thermometer shall be immersed

— lack of stability

— immersion

Although RTDs are considered more linear devices
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 given to the
effect on the devices’ stability. Field verification tech-
niques should be used to demonstrate the stability is
within the uncertainty requirements of para. 4-3.2.
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Fig. 4-3.3.2.1-1 Four-Wire Resistance Temperature Detector (RTD)
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Fig. 4-3.3.2.2-1

resistance loop

RTDs used
to measure Class 1 primary parameters should be meas-

4-3.3.2.1 Class 1 Primary Parameters.

ured with a Grade A four-wife platinum resistance ther-
morfeter as presented id Fig. 4-3.3.2.1-1. Three-wire
RTDs are acceptable orly it they can be shown to meet
the fincertainty requitemients of this Code.

4-3.3.2.2 Class 2 Primary Parameters. RTDs used
to measure (lass 2 primary parameters can be measured

Three-Wire Resistance TemperatureDetector (RTD)

Compensation or lead

Currentand
measurement
loep

thermally sensitive variable resistor. This devicg may be
used on any measurement below 149°C (300°F). Above
this temperature, the signal is low and susceptible to
error from current-induced noise. Although [positive
temperature coefficient units are available, mpst ther-
mistors have a negative temperature coefficignt (TC);
that is, unlike an RTD, their resistance decreases with
increasing temperature. The negative TC can bg as large
as several percent per degree Celsius, allowing|the ther-

witl Grade A three-wire platinum resistance thermom-  mistor circuit to detect minute changes in temjperature
eters as presented in Fig. 4-3.3.2.2-1. The four-wire tech-  that could not be observed with an RTD or thgrmocou-
nique_is preferred to minimize effects associated with ple circuit. As such, the thermistor is best char

cterized

lead-wire resistance due to dissimilar lead wires.

4-3.3.2.3 RTDSignal Measurement. Many devices
are available to measure the output resistance. The use
of each of these instruments in a system to determine
temperature requires they meet the uncertainty require-
ments for the parameter.

4-3.3.3 Thermistors. Thermistors are constructed
with ceramic-like semiconducting material that acts as a

29

for its sensitivity while the thermocouple is the most
versatile and the RTD the most stable.

The primary sources of measurement errors associ-
ated with thermistors are typically

— self-heating

— environmental factors

— thermal shunting

— decalibration

— lack of stability

— immersion
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Typically the four-wire resistance measurement is
not required for thermistors as it is for RTDs measur-
ing Class 1 primary parameters due to its high resistiv-
ity causing the connecting-wire lead resistance to be on
an error magnitudes less than the equivalent RTD error.
However, in the case where long lead-length wires or
high-resistance wires are used, which are not a part of
the calibration, the lead-wire resistance shall be com-

to deterthine temperature requires they meet the uncer-
tainty refjuirements for the parameter.

4-3.4 C3libration of Primary Parameter Temperature-
Measurement Devices

The pfimary (Class 1 or Class 2) parameter instrumen-
tation uged in the measurement of temperature should
have a shitable calibration history (three or four sets of
calibrati¢pn data). The calibration history should include
the temperature level the device experienced between
calibratipns. A device that is stable after being used at
low temperatures may not be stable at higher tempera-
tures. H¢nce, the calibration history of the device should
be evalupted to demonstrate the required stability of the
parametgpr.

During the calibration of any thermocoupleythe ref-
erence jynction shall be held constant preferably at the
ice-poin{ with an electronic reference jurietion, isother-
mal refefence junction, or in an ice bath. The calibra-
tion shall be made by an acceptable frethod, with the
standard being traceable to a recggnized national stand-
ards labgratory such as the NISTThe calibration shall
be condiicted over the temperature range in which the
instrumgnt is used.

The cdlibration of terperature-measurement devices
lished by_inserting the candidate temperature-
measurement deyice into a calibration medium along
with a fraceable reference standard. The calibration
medium| type_is selected based upon the required cali-
bration tange and commonly consists of either a block

4-3.5 Temperature Scale

The International Temperature Scale of 1990 (ITS-90) is
realized and maintained by the NIST to provide a stand-
ard scale of temperature for use by science and industry
in the United States.

Temperatures on the ITS-90 can be expressed in terms
of International Kelvin Temperatures, with the symbol
Ty, or in terms of International Celsius Temperatures,
with the symbol ty,. The units of Ty, and t,, are the
kelvin (K) and the degree Celsius (°C), respectiyely.
The relation between T, (in kelvin) and t,, (ihdegree
Celsius) is

tyy = Toy — 273.15 @3-1)

Values of Fahrenheit temperatute, tf (°F), are obtajned
from the conversion formula

9
t,= (g)t% +32 (443-2)

The ITS-90 wasdesigned in such away that the tenjper-
ature values oh.it very closely approximate kelvin ther-
modynamic temperature values. Temperatures or] the
ITS-90 aredefined in terms of equilibrium states of pure
substances (defining points), interpolating instruments,
and{equations that relate the measured property tq T,
The defining equilibrium states and the values of fem-
perature assigned to them are listed in NIST Technical
Note 1265, “Guidelines for Realizing the International
Temperature Scale of 1990 (ITS-90),” and ASTM Mahual
Series: MNL 12 “Manual on the Use of Thermocoyples
in Temperature Measurement.”

4-3.6 Typical Applications

4-3.6.1 Temperature Measurement of Fluid in a Pipe
or Vessel. The temperature of a fluid that is insidq of a
pipe or vessel shall be measured utilizing a thermoyvell.
A thermowell is a pressure-tight device that protrfides
from the pipe or vessel wall into the fluid to protec} the
temperature-measurement device from harsh env{ron-
ments, high pressure, and flows. They can be instglled
into a system using a threaded, socket weld, or flajpged
configuration, and have a bore extending to near thg tip
to facilitate the immersion of a temperature-meadure-
ment device

calibrator, fluidized sand bath, or circulating bath. The
temperature of the calibration medium is then set to the
calibration temperature setpoint. The temperature of
the calibration medium is allowed to stabilize until the
temperature of the standard is fluctuating less than the
accuracy of the standard. The signal or reading from the
standard and the candidate temperature measurement
device are sampled to determine the bias of the candi-
date temperature device. See ASME PTC 19.3 for a more
detailed discussion of calibration methods.

The bore should be sized to allow adequate clear-
ance between the temperature-measurement device and
the well. Often the temperature-measurement device
becomes bent, causing difficulty in the insertion of the
device.

The bottom of the bore of the thermowell should be
the same shape as the tip of the temperature-measure-
ment device. Tubes and wells should be as thin as pos-
sible, consistent with safe stress and other ASME Code
requirements, and the inner diameters of the wells
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Fig. 4-3.6.2-1 Flow-Through Well
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shoyld be clean, dry, and free from corrosion or oxide.
The |pore should be cleaned with high-pressure air prior
to irfsertion of the device.

Tlhe thermowell should be installed so that the tip

protfudes through the boundary layer of the fluid to
be measured. Unless limited by design considerations,
the femperature sensor shall be immersed in the fluid
at ldast 75 mm (3 in.) but not less than one-quarter of
the pipe diameter. If the pipe is less than 100 mm (4 in.)
in djameter, the temperature sensor shall be arranged
axia]ly in the pipe by inserting it in an elbow or-tee.
If sych fittings are not available, the piping shetild be
modified to render this possible. The thermowell should
be I¢cated in an area where the fluid is wellmlixed and
has no potential gradients. If the locationishear the dis-
charge of a boiler, turbine, condenser, or other power
plarft component, the thermowel \should be down-
stredm of an elbow in the pipe.
If[more than one thermoywell’s installed in a given
pipqlocation, the second theérmowell should be installed
on the opposite side of{the pipe from the first, and not
direftly downstream®fianother thermowell.

When the temperature-measurement device is
instdlled, it should-be “spring-loaded” to ensure positive
thermal contact-between the temperature-measurement
device and.thérmowell.

Fqr Class 1 primary parameter measurements, the
portionl of the thermowell, or lag section, protruding

N, ‘j

Fluid

4-3.6.2 Temperaturé Measurement of Low-Pressure
Fluid in a Pipe orVessel. As an alternate to i
a thermowelLina pipe, if the fluid is at low

of graphite, plastic, or other appropriate
should be used so that the device can be rem

should be shielded to prevent water-droplet i
ment on the sensor.

A flow-through well is shown in Fig. 4-3.6.p-1. This
arrangement is applicable only for water in g cooling
system where the fluid is not hazardous and can be dis-
posed without great cost. The principle is to gllow the
fluid to flow out of the pipe or vessel, over the fip of the
temperature-measurement device.

outside the pipe or vessel should be insulated along
with the device itself to minimize conduction losses.
For measuring the temperature of desuperheated
steam, the thermowell location relative to the desu-
perheating-spray injection location shall be carefully
chosen. The thermowell shall be located where the desu-
perheating fluid has thoroughly mixed with the steam.
This can be accomplished by placing the thermowell
downstream of two elbows in the steam line, past the
desuperheating-spray injection point.

4-3.6.3 Temperature Measurement of Inlet Air. Inlet
temperature of air streams at the planes in which they
cross the test boundary are subject to spatial varia-
tions. Spatial variation effects are considered errors of
method and contributors to the systematic uncertainty
in the measurement system. As such, the number and
location of temperature-measurement devices should be
determined such that the overall systematic uncertainty
of the devices measuring the average inlet air tempera-
ture is minimized as much as practically possible. ASME
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PTC 19.1 should be consulted for the determination of
the uncertainty associated with spatial variation.

4-3.6.3.1 Determination of Temperature and Velocity
Grid. Measurement of temperature and velocity of
inlet air requires several measurement points to mini-
mize the uncertainty effects of temperature gradients.
The number of measurement points necessary shall be
determined to ensure that the measurement uncertainty
for avergge-trtettemperaturets ow-0-552c+>

at centrdids of equal areas or as appropriate for the
given geometry. A minimum of one temperature
device ger 9.30 m? (100 ft?), or four devices, which-

ever is greater, shall be used to determine the inlet air

anenometers, or similiar devices. Measurements of
temperafure at the inlet air stream for this case shall be
taken atfthe same point at which the velocity measure-
ment is jnade. The velocity grid shall be selected such
that the femperature difference between the maximum
and minfimum temperatures is less than or equal to
0.55°C (1°F).

4-3.5.3.2 Measurement of Dry-Bulb Temperature,
T s> at the Compressor Inlet. The sensors shall be
capable pf measuring dry-bulb temperature at the GT
comprespor inlet without the effects of condensation‘or
water-dfoplet impingement. Measurement frequency
and locafions shall be sufficient to account forstratifica-
tion of the air temperature after the inlet coolinig system.
The nunfber of locations and frequency of measurements
shall be[determined by the pretest Wngertainty analy-
sis. A minimum of one temperaturé device per 9.30 m?
(100 ft?) | or four devices, whichéver is greater, shall be
used to dletermine the inlet air'temperature.

4-4 HUYMIDITY MEASUREMENT

4-4.1 Introduction

This spibsection“presents requirements and guidance
regardine themeasurement of humidity for this Code. It
also disclisses the recommended humidity-measurement

variation, nonlinearity, repeatability, analog output, and
data acquisition.

Measurements to determine moisture content shall be
made in proximity with measurements of dry- or wet-
bulb temperature to provide the basis for determination
of air properties.

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

Hs reary f-prodet et ergh as
motors, generators, electrical conduit, cable trays,|and
electrical service panels.

4-4.2 Required Uncertainty

The required uncertainty deperids upon the fype
of parameters and variables being ‘measured. Ref¢r to
paras. 4-1.2.2 and 4-1.2.3 foy’,discussion on meadure-
ment classification and instriurientation categorizafion,
respectively.

Class 1 primary paraieters and variables shall be
measured with humidity-measurement devices |that
determine specific humidity to an uncertainty of no
more than =0,001 g water vapor/g dry air (+0.001{lbm
water vapor /ibm dry air).

Class¢ 2 primary parameters and variables shall be
measuzed with humidity-measurement devices |that
detetmined specific humidity to an uncertainty of not
niore than +0.002 g water vapor/g dry air (£0.002[lbm
water vapor/Ilbm dry air).

Secondary parameters and variables can be measfired
with any type of humidity-measurement device.

4-4.3 Recommended Humidity-Measurement Devices

Relative humidity transmitters, wet- and dry-pulb
psychrometers, and chilled-mirror dew point m¢ters
are the recommended humidity-measurement devjices.
Economic, application, and uncertainty considerafions
should be taken into account when determining the
most appropriate humidity-measurement device.

The wet-bulb temperature and specific humidity cgn be
calculated from the dry-bulb temperature, barometric pres-
sure, and one other variable such as dew point temperajture,
wet-bulb temperature, or absolute humidity. The psyg¢hro-
metric calculations found in ref. [5] or other commerdially
available psychrometric calculator should be used.

Since humidity-measurement technology will chainge

devices, calibration of humidity-measurement devices,
and the application of humidity-measurement devices.
Due to the state of art and general practice, the pri-
mary measurements taken by humidity-measurement
equipment should be recorded electronically to mini-
mize systematic and random error. The uncertainty of
humidity-measurement equipment shall consider effects
including, but not limited to, resolution, stability, envi-
ronmental factors, temperature-measurement errors,
pressure-measurement errors, warm-up time, spatial

over time, this Code does not Iimit the use of other
humidity-measurement devices not currently available
or not currently reliable. If such a device becomes avail-
able or is shown to be of the required uncertainty and
reliability, it may be used.

4-4.3.1 Relative Humidity Transmitters
4-4.3.1.1 Application. Relative humidity trans-
mitters employ specifically selected hydrophilic
materials. As the humidity changes at the ambient
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temperature, the material exchanges enough moisture
to regain equilibrium, while corresponding measura-
ble changes occur in the electrical resistance or capaci-
tance of the device. Commercially available relative
humidity transmitters use sensors with a wide variety
of hygroscopic substances, including electrolytes and
substantially insoluble materials. Relative humidity
transmitters are commonly employed for the direct
measurement of parameters including relative humid-

sodium chloride (NaCl), and potassium sulfate (K,SO,).
During calibration, the temperature of the sensor and
the measured object shall be in equilibrium to minimize
the error associated with the temperature equilibrium.
Further, when using the second method, the equilib-
rium humidity of the salt solutions shall be corrected for
the solutions temperature using Greenspan’s calibration
corrections or equivalent.

Relative humidity transmitters shall be calibrated to

ity grre-ery-butb-temperatureand-tuse-athinpeolymer——meetthetmeertaintyrequirementsirrspeeifie Rumidity
film| as the sensor to absorb water molecules. These  as described herein. This shall be demonstrated{with the
instfuments are often microprocessor-based, and  application of an uncertainty analysis with*cdnsidera-

fronp the parameters of relative humidity and dry-
bullf temperature, they can determine the values of
varipbles including dew point temperature, absolute
hunjidity, mixing ratio, wet-bulb temperature, and
entHalpy. In cases where the instruments output mois-
turefindicating parameters or variables that are used
in the calculation of the test results (primary param-
eter| or primary variable), the instruments’” internal
calcplation formulas and basis shall be verified to
denfonstrate compliance with the uncertainty require-
meryts detailed herein. Relative humidity transmitters
typifally provide accuracy specifications that include
nonlinearity and repeatability over relative humid-
ity donditions (i.e., =2% RH from 0% to 90% RH, and
*+3% RH from 90% to 100% RH).

The application of relative humidity transmitters are
highly sensitive to temperature equilibrium, as a small
diffgrence between the measured object and the sensor
cauges an error. This error is greatest when the sensor is
colder or warmer than the surroundings and the humid-
ity if high.

Tlhe sensor should be installed at a locdtion that mini-
miz¢s sensor contamination. Air should circulate freely
aroynd the sensor; a location that-dllows rapid airflow
shoyld be selected as it ensures thatboth the sensor and
the purroundings are at tempetrature equilibrium. The
instgllation orientation should-be in accordance with the
device manufacturer’s specifications.

Tlhe primary sourees\of measurement errors associ-
ated| with relative Kumidity transmitters are typically

—|sensor contamination
analog outptt
installation location

tion for the uncertainty associated with other measured
parameters including barometric ptessure and|ambient
dry- or wet-bulb temperature.

4-4.3.2 Wet- and Dry-Bulb®Psychrometers
4-4.3.2.1 Applicationd The wet- and dry-ulb psy-
chrometer consists oftwo temperature sensors pnd uses
the temperature effects caused by latent heat ekchange.
One sensor meastres the ambient dry-bulb temjperature
while the other is'covered by a clean wick that has been
thoroughly wetted with water. When the wef bulb is
placed ifian’air stream, water evaporates from the wick,
eventually reaching an equilibrium temperatufe called
the Wet-bulb temperature.
The thermodynamic wet-bulb temperature is the
air temperature that results when air is adiapatically
cooled to saturation. Wet-bulb temperaturg can be
inferred by a properly designed mechanically aspi-
rated psychrometer. The process by whicH a psy-
chrometer operates is not adiabatic saturation, but
one of simultaneous heat and mass transfer from the
wet-bulb-sensing element. The resulting tempera-
ture achieved by a psychrometer is sufficienfly close
to the thermodynamic wet-bulb temperatyre over
most ranges of conditions. However, a psyclirometer
should not be used for temperatures below 5{C (40°F)
or when the relative humidity is less than 15%. Within
the allowable range of use, a properly desigmned psy-
chrometer can provide a determination of yet-bulb
temperature with an uncertainty of approximately
+0.14°C (*0.25°F), based on a temperatur¢ sensor
uncertainty of =0.08°C (+0.15°F).
The temperature sensors should be resistapce tem-

—|teniperature equilibrium perature detectors or thermistors as discussed fn paras.
—laceturacy 4-3.3.2 and 4-3.3.3, respectively. Psychromet¢r meas-
— resolution urement requires certain techniques to ensure careful

4-4.3.1.2 Calibration. Relative humidity trans-
mitters are commonly calibrated using one of two
methods. The first method involves calibrating against
high-quality, certified humidity standards, such as those
generated by gravimetric hygrometers to achieve the
maximum achievable accuracy. The second method
calibrates with certified salt solutions that may include
lithium chloride (LiCl), magnesium chloride (MgClL,),

33

control of a number of variables that can affect the meas-
urement results.

A mechanically aspirated psychrometer is recom-
mended for Class 1 humidity measurement. If the air
velocity across the sensing element is greater than
457 m/min (1,500 ft/min), the sensing element shall be
shielded to minimize stagnation effects.

The mechanically aspirated psychrometer should
incorporate the following features:
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(1) The sensing element should be shielded from
direct sunlight and any other surface that is at a temper-
ature other than the dry-bulb temperature. If the meas-
urement is to be made in direct sunlight, the sensor shall
be enclosed by a double-wall shield that permits the air
to be drawn across the sensor and between the walls.

(b) The sensing element should be suspended in the
air stream and not in contact with the shield walls.

(c) The sensing element should be snugly covered

shall be|sufficient to minimize the stem-conduction
effects df the sensing element and ensure it is prop-
erly wefted.

(d) THe air velocity across the sensing element should
be mainfained constant in the range of 240 m/min to
360 m/npin (800 ft/min to 1,200 ft/min).

(e) Air should be drawn across the sensing element
in such 4 manner that it is not heated by the fan motor
or other pources of heat.

(f)’ THe psychrometer should be located at least
1.5m (5 ft) above ground level and should not be located
within 1|5 m (5 ft) of vegetation or surface water.

(¢) When using a sling psychrometer, the instrument
shall be [slung for a sufficient amount of times for the
wet-bulh} temperature to reach a steady minimum value.
Once thi occurs, it is imperative that the temperature be
read quikkly. For liquid-in-glass thermometers, consid-
eration ghould be made for inertial effects on the tem-
peraturelelement. Data should be averaged from at least
three obgervations.

The pifimary sources of measurement errors associated
with wet- and dry-bulb psychrometers are typically

— temperature sensor

— instpllation location

— radfation

— confluction (water in the reserveir.is too warm)

— faultty capillary action (very Jarge’'wet-bulb
depressipn)

— too high or too low airflow-across the wick

4-4.8.2.2 Calibrationi.: Wet- and dry-bulb psy-
chrometr temperature sensors shall be calibrated in
accordanjce with{para. 4-3.4 and meet the uncertainty
require%ents in\specific humidity, as described herein.

This shafll be“demonstrated with the application of an
uncertaintyl analysis with consideration for the uncer-

temperature corresponding to the onset of condensa-
tion. The meter determines the partial pressure of water
vapor in a gas by directly measuring the dew point tem-
perature of the gas. The temperature of the sensor sur-
face 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 available chilled-mirror dew point meters
H t = ‘ e-strface.
A surface acoustic wave is generated at one side“of the
quartz sensor and measured at the other. Chilled*mjrror
dew point meters require a sampling system to drayv air
from the sampling location across the chilled mirrpr at
a controlled rate. Commercially available chilled-mjrror
dew point meters measure the deéw point tempergture
with accuracy ranges from *0.3C to =1°C (£0.2{F to
*+2°F) over a dew point tempetate range from—751C to
60°C (—103°F to 140°F).

The primary sources-of‘measurement errors asfoci-
ated with chilled-mirror'dew point meters are typidally

— sensor contamination

— analog output

— installationlocation

— accuracy

— resolution

4-4.3.3.2 Calibration. Chilled-mirror dew point
meters shall be calibrated to meet the uncertdinty
requirements in specific humidity as described hefein.
This shall be demonstrated with the application df an
uncertainty analysis with consideration for the umcer-
tainty associated with other measured paramgters
including barometric pressure and ambient dry- or wet-
bulb temperature.

4-4.3.4 Humidity Measurement of Inlet Air.| A
minimum of one humidity device shall be usefl to
determine the inlet air humidity. The measurerhent
location shall be in close proximity to a dry-bulb fem-
perature measurement. The measurement locqtion
shall be shielded from direct sunlight. Inlet air strdams
at the planes in which they cross the test bounglary
are typically homogenous with respect to spgcific
humidity unless there are sources that expel or abporb
moisture into or out of the inlet air steam that cpuld
result in spatial variations of humidity. An exathple

tainty associated with other measured parameters
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 is saturated
at the same ambient pressure and with the same specific
humidity. The dew point temperature may be measured
with chilled-mirror dew point meters. The operation of
these instruments is based on the establishment of the

of a piece of equipment that could affect the humidity
variation at the inlet is a cooling tower, where the drift
is being redirected into the inlet stream due to wind
direction change. Spatial variation effects are consid-
ered to be errors of method and therefore contribu-
tors to the systematic uncertainty in the measurement
system. As such, the number and location of humid-
ity measurement devices should be increased so that
the overall systematic uncertainty of the average inlet
humidity measurement devices is minimized as much
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as practically possible. ASME PTC 19.1 should be con-
sulted for the determination of the uncertainty associ-
ated with spatial variation.

4-5 LIQUID AND STEAM FLOW MEASUREMENT
4-5.1 Introduction

This subsection presents requirements and guidance
regardmg the measurement of liquid and steam ﬂow
for

venfjuri) and mechanical meters (turbine and positive
displacement) are the classes of meters recommended
in this Code for the following specific applications.
Differential pressure meters are recommended for steam
and [liquid flows in pipes equal to or greater than 8 cm
(3 ir}.), and positive displacement or turbine meters are
recommended for liquid flows in pipes smaller than 8
cm (3 in.). However, since flow-measurement technol-
ogy [will change over time, this Code does not limit the
use pf other flow-measurement devices. If such a device
is ayailable and is shown to be of the required uncer-
tainfy and reliability, it may be used.

Start-up procedures shall ensure that spool pieces
are provided during conditions that may violate the
integrity of the flow-measurement device to avoid alter-
ing [the device’s characteristics. Such conditions nmiay
inclfide steam blows or chemical cleanings. While the
flow}-measurement device is stored, it shall be capped
and| protected from environmental damage’ such as
moigture and dirt. During operation, a strainer should
be ifstalled upstream of the flow-measurement device
to pfotect the meter from objects andidebris.

In accordance with ASME PTEA9.5, the flow shall
be sfeady or change very slpwly‘as a function of time.
Puldations of flow shall pe;small compared with the
tota| flow rate. The frequiency of data collection shall
adequately cover several periods of unsteady flow.
Fludqtuations in the*flow shall be suppressed before
the peginning ef.a/test by very careful adjustment of
flow and level\controls or by introducing a combina-
tion|of conductance, such as pump recirculation, and
resi$tariee,” such as throttling the pump discharge,
in the\line between the pulsation sources and the

the flow-measurement device, the steam shall remain
superheated. ASME PTC 12.4 describes methods for
measurement of two-phase flow in instances when
it is desirable to measure the flow rate of a two-phase
mixture.

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 emf—producmg devices such as

ate results would include the-discharge coefficlent, cor-
rected diameter for thermal eXpansion, expansi¢n factor,
etc. Raw data includes sfafic and differential pfessures,
and temperature. For'the case of a mechanicjl meter,
intermediate results,inClude the meter constanf(s) used
in the calculatiofi, and how it is determined from the
calibration curve’of the meter. Data includes frpquency,
temperature; and pressure.

4-5,2 ‘Required Uncertainty

The required uncertainty depends upon the type
of parameters and variables being measured. [Refer to
paras. 4-1.2.2 and 4-1.2.3 for discussion about neasure-
ment classification and instrumentation categqrization,
respectively.

If not otherwise specified by this Code, Class 1 pri-
mary parameters and variables shall be defermined
with flow-measurement devices that have a systematic
uncertainty of no more than =0.5% of the mjss flow
rate. Flow-measurement devices used to dgtermine
Class 1 primary parameters and variables shall jundergo
a laboratory calibration unless the device can| demon-
strate a systematic uncertainty lower than *0.5% with-
out calibration.

Class 2 primary parameters and variables [shall be
measured with flow-measurement devices thgt have a
systematic uncertainty of no more than 1.1%|of mass
flow rate. Class 2 primary parameters and yariables
may use the empirical formulations for the discharge
coefficient for differential pressure class metdrs if the

uncertainty requirements are met and the metef is man-
= Sllad o d

flow-measuring device. Hydraulic damping devices
such as restrictors on instruments do not eliminate
errors due to pulsations and, therefore, shall not be
permitted.

If the fluid does not remain in a single phase while
passing through the flow-measurement device, or if
it has two phases when entering the meter, then it is
beyond the scope of ASME PTC 19.5. In passing lig-
uid through the flow-measurement device, the liquid
should not flash into steam. In passing steam through

PY P | Lol ot
tHactrred—staHedand—operated—tstrckaelordance

with ASME PTC 19.5.
Secondary parameters and variables can be measured
with any type of flow-measurement device.

4-5.3 Recommended Flow-Measurement Devices

Differential pressure meters (orifice, flow nozzle, and
venturi) and mechanical meters (turbine and positive
displacement) are the recommended flow-measurement
devices for the specific applications noted herein.
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Economic, application, and uncertainty considerations
should be taken into account when determining the
most appropriate flow-measurement device.

In the case where a flow-measurement device is
laboratory calibrated, the entire primary device shall
be calibrated. This shall include the primary element,
upstream and downstream metering runs, and flow
conditioners, and the device shall be shipped as one
piece, dirt and moisture free, and not disassembled for
shipping—#as tor;—+ :
in order|for the laboratory calibration to remain valid.
If a metefring run is taken apart at the primary element’s
flanges, pr the primary element is removed for inspec-
tion, th¢n the empirical formulations for discharge
coefficient and the associated uncertainty should be
used for|that meter unless a positive, mechanical align-
ment m¢thod is in place to replicate the precise posi-
tion of the meter run or primary element when it was
calibratdd.

B O Or—aRy—o —FERSOT

4-5.3.1 Differential Pressure Meters. In this subsec-
tion, thd application and calibration requirements for
the use pf orifice, flow nozzle, and venturi meters are
presented. Orifice meters are presented first, followed
by flow pozzles and venturi meters, respectively.

All differential pressure meters used in the meas-
uremenf of Class 1 primary parameters and variables
shall be [laboratory calibrated. If flow straighteners or
other flgw-conditioning devices are used in the test,
they shdll be included in the meter piping run when
the calibration is performed. Qualified hydraulic labex
ratories commonly calibrate within an uncertainty of
imately 0.2%. Thus, with inherent curveffitting
ies, uncertainties of less than 0.3% (njthe dis-

eynolds number than-dvailable in the labora-
cessary, is also given for each meter in ASME
. Differential pressure meters used in the
ent of Class 2 primary parameters and vari-
ables may use the‘empirical formulations for the dis-
charge cpefficient+for differential pressure class meters
if the unfertainty requirements are met and the meter is
manufadtured, installed, and operated in strict accord-

compliance with the requirements of ASME PTC 19.5.
Details shall be documented as suggested in (a) through
(m) below.

(a) piping straight-length requirements upstream
and downstream of the primary element and between
the flow conditioner (if used) and the primary element

(b) piping and flow-element diameters and round-
ness, and locations of roundness measurements
(c) piping smoothness

element
(e) smoothness and flatness of upstream face"off ori-
fice plate
(f) dimensions and machining tolerances fof all
dimensions of primary element giyven in ASME [PTC
19.5
(g) sharpness of orifice plate edge
(h) thickness of orifice platerequired
(i) inspection for assuranees of no burrs, nicks, wire
edges, etc.
(j) location, size, ‘and manufacturing requiremnfents
of pressure taps, incldding machining and dimensional
tolerances
(k) location’of temperature measurement
(I) eccentricity of primary element and piping
(m) type” and manufacturing requirements of flow
conditioner, if used
Class 1 primary parameters and variables shall be
measured with a minimum of two sets of diffdren-
tial pressure taps, each with independent differeptial
pressure measurement devices. The two sets of pres-
sure taps should be separated by 90 deg or 180 deg.
In addition, the meter for the throat tap flow nqzzle
should be manufactured with four sets of differeptial
pressure taps located 90 deg apart, and the taps shpuld
be individually measured. Further, the flow calculdtion
should be done separately for each pressure tap pair,
and averaged. An investigation shall be conduct¢d if
the results differ from each tap-set calculation by thore
than the flow-measurement uncertainty. In cases where
the metering run is installed downstream of a benld or
tee, the pairs of single taps should be installed so|that
their axes are perpendicular to the plane of the ber|d or
tee. Differential pressure meters should be assemlpled,
calibrated (if applicable), and left intact for the dura-
tion of the test since manufacture. Once manufactpired
and calibrated (if applicable), the flow meter assernbly

ance with ASME PTC 19.5.

For a differential pressure meter to be used as a Class
1 instrument, it shall be manufactured, calibrated,
installed, and operated in strict accordance with ASME
PTC 19.5. The calculation of the flow shall also be done
in accordance with that Code. The documentation of
factory measurements, manufacturing requirements,
dimensional specifications of the installation includ-
ing upstream and downstream disturbances, and of
the start-up procedures, shall be examined to validate

should not be disassembled at the primary element
flanges. If it is necessary to disassemble the section for
inspection or other means prior to the test, provisions
for the accurate realignment and reassembly, such as
pins, shall be built into the section to replicate the pre-
cise position of the flow element when it was manu-
factured and calibrated (if applicable), or the empirical
formulation shall be used in the calculation of flow. In
addition, gaskets or seal rings (if used) shall be inserted
in such a way that they do not protrude at any point
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Table 4-5.3.1-1 Units and the Conversion Factor for Mass Flow Through a Differential Pressure Class Meter

Units in General Flow Equation

Values of Constants

Meter Differential Proportionality
Mass Flow Geometry, Fluid Pressure, Constant, Units Conversion Constant,
Unit Type Rate, q, dorD Density, p; Ap 8. N
S| Units kg m kg p. 1.0 1.0
s m? dimensionless dimensionless
u.s. lbm in. lbm |bf 32.174056 n=300,0
ustomar e e 2
Units ’ hr f " tbm - ft f? (in2 %ec?)”
Ibf -5 ST[? " ]
GENERAL NOTE: N = kg-m/s?, and p, = N/m?. Therefore, p, = kg/m-s2.

insidle the pipe or across the pressure tap or slot when Due to the repeatalsility of hydraulic laboratory calibra-
corvIer tap orifice meters are used. tion data for differential pressure meters of like fype and
The general equation of mass flow through a differen-  size, relationships of C versus R, are available|for each
tial pressure class meter for liquids and gases, flowing at ~ type of diffetential pressure meter. Empirical formula-
subdonic velocity from ASME PTC 19.5 is tions for discharge coefficient are based on studjes of the
results, of.large numbers of calibrations. Applifation of
T 2p(Ap)g. the empirical formulations for discharge coefficjent may
9 =N n 4'CE 1-p* (4-51)  pepsed for primary variables if uncertainty requirements
are’met. In some cases it is preferable to perform g hydrau-
where lic laboratory calibration of a specific differential|pressure
C| = discharge coefficient meter to determine the specific C versus R, relgtionship
d| = diameter of flow element (bore) at flowing fluid for that meter. To meet the uncertainty requirepnents of
temperature this Code for Class 1 primary parameters and vYariables,
E| = expansion factor the meter shall be calibrated to determine the specific C

g&d = proportionality constant versus R, relationship for that meter.
N| = units conversion factor for allunits to be The expansion factor is a function of the diagneters of
consistent the flow element and the pipe, the ratio of the diIflerential
g, = mass flow of liquid or gas pressure to the static pressure, and the isentropic expo-
Ap = differential pressure nent of the gas or vapor. It is used for compressilple flows;
B| = ratio of flow element .(bore) and pipe diam- in this case, commonly gas. It corrects the dischgrge coef-
eters (d/D), both diameters at the flowing fluid ficient for the effects of compressibility. This megns that a
temperature hydraulic calibration of a differential pressure flgpw meter
p| = fluid density: is equally as valid for compressible flow applifation as
Tdble 4-5.3.1-1 provides the appropriate units and the  in incompressible flow application with trivigl loss of
conyersion factotfor eq. (4-5-1)in Sland U.S. Customary ~ accuracy. This is a strong advantage of differenfial pres-
unitp. sure meters in general because laboratory determination

eprocedures for determining the discharge coefficient
and [expansion factor for the various devices are given in
AS X .
cient is dependent on Reynolds number, which in turn is
dependent on flow, both the sizing of and calculation of
flow through these meters involve iteration. For a prop-
erly constructed differential pressure meter, the discharge
coefficient is a function of the Reynolds number of flow,
and the diameters of the flow element and the pipe for the
range of flows found in power plants. Discharge coeffi-
cients for flow nozzle and venturi meters are in the order
of 1.0, as compared to typical discharge coefficients of ori-
fice meters in the order of 0.6.

37

of compressible flow is generally less accuratq
incompressible flow. The value of E for liquid flq

than of
W meas-

The systematic uncertainty of the empirical formula-

tion of the discharge coefficient and the expansion fac-
tor in the general equation for each of the recommended
differential pressure meters is presented in ASME PTC
19.5 and repeated in Table 4-5.3.1-2 for convenience. It
should be noted that the tabulated uncertainty values
have analytical constraints on pipe Reynolds numbers,
bore diameters, and beta ratios. These values assume
that the flow-measurement device is manufactured,
installed, and operated as specified in ASME PTC 19.5
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Table 4-5.3.1-2 Summary Uncertainty of Discharge Coefficient and Expansion Factor

Differential Pressure

Uncertainty of Empirical Discharge Coefficient,

Meter C, for an Uncalibrated Flow Element Uncertainty of Expansion Factor, E [Note (1)]
Orifice 0.6% for0.2 =pB=0.6 4(Ap)
B% for0.6 = B=0.75 )
Venturi 0.7%for 0.3 = 8= 0.75 (4+1008°)(Ap)
12
Flow ndzzle, wall taps 1.0% for0.2 = 8=0.5 2(Ap)
12
Flow nogzle, throat taps Not recommended without calibration. 2(Ap)
P1

NOTE:
(1) Press{ire and differential pressure are the same units.

and hergin. In using the empirical formulations, the
uncertaihty of the discharge coefficient is by far the most
significaht component of the flow-measurement uncer-
tainty, ahd is the dominant factor in the uncertainty
analysisjassuming that the process and differential pres-
sure instfumentation used in conjunction with the meter
is satisfactory. Among differential pressure meters, ori-
fice-met¢ring runs are usually the choice in Performance
Test Code work on an accuracy basis when using the
empiricdl formulation for the discharge coefficient.

The tqtal measurement uncertainty of the flow coms
tains coponents consisting of the uncertainty in the
determigation of fluid density, flow element (bore) and
pipe diameter, and of pressure, temperature, and differ-
ential pressure measurement uncertainty in’ addition to
the components caused by the uncertaifityin C, and E.
Referende ASME PTC 19.5 for the methodology in the
determiration of the systematic uncertainty.

4-5.3.1.1 Orifice Meters
4-5.8.1.1.1 Application:¥'Recommended flow
measurements by orifi¢elmeters are for liquid in pipes
greater than 8 cm (3.in.), and low-pressure steam.

In accprdance with"ASME PTC 19.5, three types of tap
geometrles are available and include flange taps, D and
D/2 tap$, aiidycorner taps. This Code recommends that
only flarfge taps or corner taps be used for primary vari-

4-5.3.1.1.2 Calibration. Water calibration of an
orifice meter does not increase the measurement uncer-
tainty when the'meter is used in gas measurements]The
uncertainty 6f'thie expansion factor of fundamental flow
(eq. 4-5-1)3s\the same whether or not the orifice is Water
or air calibrated. The procedure for curve fitting, inqlud-
ing.extrapolation, if necessary, and evaluating the cjirve
for the coefficient of discharge shall be conducted in
compliance with ASME PTC 19.5.

4-5.3.1.2 Flow Nozzle Meters
4-5.3.1.2.1 Application. Flow nozzle meters in an
ASME PTC 51 test may be used for high-pressure sfeam
flows, and for liquid flow in pipes at least 10 cm (4 {n.).
In accordance with ASME PTC 19.5, three typgs of
ASME primary elements are recommended: low-beta
ratio flow nozzles, high-beta ratio flow nozzles,|and
throat tap flow nozzles. Other flow nozzles may be fised
if equivalent level of care be taken in their fabricdtion
and installation and if they are calibrated in a laborgtory
with the same care and precision as required in APME
PTC 19.5 and herein.
As detailed in ASME PTC 19.5, the flow sectign is
comprised of the primary element; the diffusing|sec-
tion, if used; the flow conditioner; and the upstream|and
downstream piping lengths.

able measurements with orifice meters.

The lip-like upstream side of the orifice plate that
extends out of the pipe, called the tag, shall be perma-
nently marked with the following information:

— identification as the upstream side

— measured bore diameter to five significant digits

— measured upstream pipe diameter to five signifi-
cant digits if same supplier as orifice plate

— instrument, or orifice, identifying number

4-5.3.1.2.2 Calibration. At least 20 calibration
points should be run over the widest range of Reynolds
numbers possible that applies to the Performance Test.
The procedure for determining whether the calibration
curve parallels the theoretical curve shall be conducted
in accordance with ASME PTC 19.5. The procedure for
fitting, including extrapolation, if necessary, and evalu-
ating the curve for the coefficient of discharge shall be
conducted in compliance with ASME PTC 19.5.
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4-5.3.1.3 Venturi Meters
4-5.3.1.3.1 Application. Venturi meters in an

ASME PTC 51 test may be used for high-pressure steam
flows, and for liquid flow in pipes at least 10 cm (4 in.).

In accordance with ASME PTC 19.5, the ASME (clas-
sical Herschel) venturi is the recommended type of pri-
mary element. Other venturis may be used if equivalent
level of care be taken in their fabrication and installation
and if they are calibrated in a laboratory with the same
careratre-precistoras—requt HASMEP O-5-am
herdin. The convergent cone of a venturi is effective as
a flgw conditioner for the throat section. As such, the
upsiream length requirements for venturi meters are
commonly less than alternative differential pressure
clas$ meters for the same upstream conditions.

4-5.3.1.3.2 Calibration. Inaccordance with ASME
PT{ 19.5, due to similar design considerations, ASME
venfuri meters commonly maintain the same physics of
the flow as the throat tap flow nozzles. As such, simi-
lar tp flow nozzle meters, at least 20 calibration points
shoyld be run over the widest range of Reynolds num-
bers| possible that applies to the Performance Test. The
prodedure for fitting, including extrapolation, if neces-
sary] for the coefficient of discharge, shall be conducted
in cgmpliance with ASME PTC 19.5.

445.3.2 Mechanical Meters. In this subsection, the
application and calibration requirements for the use
of tlirbine and positive displacement meters are pre-
sentpd. Turbine meters are presented first, and theysec-
tion[on positive displacement meters followsy Ttirbine
meters are commonly classified as inferencé.meters as
they] measure certain properties of the fltiid stream and
“infer” a volumetric flow, while positive displacement
meters are commonly classified as.direct meters as they

be performed on each meter using the fluid, operating
conditions, and piping arrangements as nearly identi-
cal to the test conditions as practical. If flow straight-
eners or other flow-conditioning devices are used in
the test, they shall be included in the meter piping run
when the calibration is performed.

4-5.3.2.1 Turbine Meters
4-5.3.2.1.1 Application.
in pipes less than 8 cm (3 in.).

The turbine meter is an indirect volunietric
main component is an axial turbine wheelturni
in the flowing fluid. The turbine wheel is set in
by the fluid at a speed that is directly propor
the average velocity of the fluid ifi the free cros
of the turbine meter. The speed of the turbine
therefore directly propattional to the volumefric flow
rate of the flow, with.the-number of revolutiong propor-
tional to the volume,that has passed through the meter.
There are two basic'turbine meter designs: ele¢tromag-
netic and mechanical.

The electromagnetic-style meter has two
parts: therotor and bearings. The rotor velocity
itored\by counting pulses generated as the rotq
through a magnetic flux field created by a pid
located in the measurement module. A meter |
K factor, is determined for the meter in a flow
tion laboratory by counting the pulses for a kn
ume of flow and is normally expressed as pt
acf. This K factor is unique to the meter and d
accuracy.

The mechanical-style meter uses a mechan
train to determine the rotor’s relationship to|volume.
The gear train is commonly comprised of a peries of
worm gears, drive gears, and intermediate gear assem-

hg freely
rotation
tional to
5 section
wheel is

moving
[ is mon-
T passes
kup coil
actor, or
calibra-
bwn vol-
Ises per
bfines its

cal gear

meapure volumetric flow directly"by continuously sep-  blies that translate the rotor movement to a m¢chanical
arat|ng (isolating) a flow streamrinto discrete volumet-  counter. In the mechanical-style meter, a proof| curve is
ric segments and counting-them. established in a flow calibration laboratory an¢l a com-
Alfundamental difference between differential pres-  bination of change gears is installed to shift the proof
surg meters and mechaifical meters is the flow equa-  curve to 100%.
tion| derivation. The~flow calculations of differential Turbine meter performance is commonly defined by
presgsure meters mdy be based on fluid flow fundamen-  rangeability, linearity, and repeatability. Rangeability is a
tals [utilizing’ the First Law of Thermodynamics deri-  measure of the stability of the output under a giyen set of
vatipn where“deviations from theoretical expectation  flow conditions and is defined as the ratio of the mjaximum
may be@ssumed under the discharge coefficient. Thus, = meter capacity to the minimum capacity for a set ¢f operat-
one caw manufacture, install, and operate a differential ing conditions during which the meter maintainslits speci-

pressure meter of known uncertainty. Conversely,
mechanical meter operation is not rooted deeply in
fundamentals of thermodynamics and has perform-
ance characteristics established by design and calibra-
tion. Periodic maintenance, testing, and recalibration
is required because the calibration will shift over time
due to wear, damage, or contamination.

All mechanical meters used in the measurement of
Class 1 or Class 2 primary parameters and variables
shall be laboratory calibrated. These calibrations shall

fied accuracy. Linearity is defined as the total deviation
in the meters indication over a stated flow range and is
commonly expressed by meter manufacturers to be within
+0.5% over limited flow ranges. High-accuracy meters
have typical linearities of +£0.15% for liquids and *=0.25%
for gases, usually specified over a 10:1 dynamic range below
maximum rated flow. Repeatability is defined as the abil-
ity of the meter to indicate the same reading each time the
same condition exist and is normally expressed as +0.1%
of reading for liquids and +0.25% for gases. Accuracy shall
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be expressed as a composite statement of repeatability and
linearity over a stated range of flow rates.

Turbine meters are susceptible to overregistra-
tion due to contaminants, positive swirl, nonuniform
velocity profile, and pulsations. In gas flow, contami-
nants can build on internal meter parts and reduce
the flow area, which results in higher-velocity fluid,
a faster-moving rotor, and a skewed rotor exit angle.
The increased velocity and the altered exit angle of
the flui : H-frid

kinematic viscosity point shall have three different cali-
bration temperatures that encompass the liquid temper-
ature expected during the test. It is recommended that a
universal viscosity curve (UVC) be developed to estab-
lish the sensitivity of the meter’s K factor to a function of
the ratio of the output frequency to the kinematic viscos-
ity. The universal viscosity curve reflects the combined
effects of velocity, density, and absolute viscosity acting
on the meter. The latter two effects are combined into a

il s s 'y v
cattse-tre-rotor-to-overregister—tor-artriteas;
positive

upstream swirl may be caused by a variety of
conditiohs that may include out-of-plane elbows, insuf-
ficient flow conditioning, partially blocked upstream
filters, or damaged internal straightening vanes. The
positive|swirl causes the fluid flow to strike the rotor
at an ac¢entuated angle, causing the rotor to overreg-
ister. In ¢ases where there is a distortion of the velocity
profile af the rotor inlet introduced by upstream piping
configurption, valves, pumps, flange misalignments,
and othgr obstructions, the rotor speed at a given flow
will be 3ffected. For a given average flow rate, gener-
ally, a npnuniform velocity profile results in a higher
rotor speed than a uniform velocity profile. In pulsat-
ing flow, the fluid velocity increases and decreases,
resulting in a cyclical acceleration and deceleration of
the rotof causing a net measurement overregistration.
Dual-rofor turbine meters with self-checking and self-
diagnostic capabilities are recommended to aid meas-
uremenf| accuracy to detect and adjust for mechanical
wear, flyid friction, and upstream swirl. Additionally,
dual-rotpr meters’ electronics and flow algorithmrs
detect apd make partial adjustments for severe jettirrg
and puldation. ASME PTC 19.5 should be consulted for
guidancg for flow disturbances that may affegt meter
performpnce and standardized tests to assess the effects
of such dlisturbances.

4-5.8.2.1.2 Calibration. Inaccordance with ASME
PTC19.9, an individual calibratiofnrshall be performed on
each turpine meter at condifions as close as possible to
the test donditions underswhich the meter is to operate.
This shall include using/the fluid, operating conditions
(tempergture and pressure), and piping arrangements as
nearly identical t6the test conditions as is practical with

single parameterby-using kinematieviscosity:

The result of the calibration shall include

— the error at the minimum flow and all“the flow-
ing flow rates that are above the minimum flow;
0.1/0.25/0.4/0.7 of the maximum flow

— the name and location of the calibration laborafory

— the method of calibration (béll prover, sonic flow
nozzles, critical flow orifice, mastér meters, etc.)

— the estimated uncertaifty of the method, using
ASME PTC 19.1

— the nature and conditions (pressure, tempera
viscosity, specific gravity) of the test fluid

— the positionvof ‘the meter (horizontal, vertical
up, vertical flowdown)

In presenting the calibration data, either the relgtive
error or itsiopposite, the correction; or the volumtric
efficiency or its reciprocal, the meter factor, shall be plot-
ted.y€rsus the meter bore Reynolds number (the mefer’s
bore'shall be measured accurately as part of the caljbra-
HON process).

ure,

flow

4-5.3.2.2 Positive Displacement Meters
4-5.3.2.2.1 Application. This Code recommends
positive displacement meters for liquid flows for alll size
pipes, but in particular for pipes less than 8 cm (3|in.).
There are many designs of positive displacement mgters,
including wobble plate, rotating piston, rotating v4qnes,
and gear or impellor types. All of these designs megsure
volumetric flow directly by continuously separating (iso-
lating) a flow stream into discrete volumetric segnjents
and counting them. As such, they are often called vojum-
eters. Because each count represents a discrete volume
of fluid, positive displacement meters are ideally syited
for automatic batching and accounting. Unlike diff¢ren-
tial pressure class meters and turbine meters, posjtive

calibratipn data\points that are taken at flow rates that  displacement meters are relatively insensitive to piping
surroun;ll therange of expected test flows. The orienta-  installations and otherwise poor flow conditions; th¢y in
tion of the turbine meter will influence the nature of the fact are more of a flow disturbance than practically

pny-

load on the rotor bearings, and thus, the performance of
the meter at low flow rates. For optimum accuracy, the
turbine meter should be installed in the same orientation
in which it was calibrated. The turbine meter calibration
report shall be examined to confirm the uncertainty as
calibrated in the calibration medium.

As the effect of viscosity on the turbine meter calibra-
tion, or K factor, is unique, turbine meters measuring
liquid flow rate shall be calibrated at two kinematic vis-
cosity points surrounding the test fluid viscosity. Each
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thing else upstream or downstream in plant piping.
Positive displacement meters provide high accuracy
(%0.1% of actual flow rate in some cases) and good repeat-
ability (+0.05% of reading in some cases), and accuracy is
not significantly affected by pulsating flow unless it entrains
air or gas in the fluid. Turndowns as high as 100:1 are avail-
able, although ranges of 15:1 or lower are more common.
Use of positive displacement meters is recommended
without temperature compensation. The effects of
temperature on fluid density can be accounted for by
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calculating the mass flow based on the specific gravity
at the flowing temperature.

(SI Units)
Dy = 58 X 1, (4-5-2)
(U.S. Customary Units)

q,;, = 8337 X 5g X q, X60 (4-5-3)

where

of the gas turbine energy balance method and the heat-
recovery steam generator energy balance method, please
refer to ASME PTC 22 and ASME PTC 4.4, respectively.

4-6.2 Air-Flow Measurement by Traverse

4-6.2.1 Introduction. This subsection presents
requirements and guidance regarding the measure-
ment of airflow by traverse in support of ASME PTC 51
testing. It also discusses specification, calibration, and

7., — mass 1low, Kg/5 (Ibm/hr)
g, = volume flow, 1/s (gal/min)
sg = specific gravity at flowing temperature,
dimensionless

4-5.3.2.2.2 Calibration. The recommended prac-
tice |is to calibrate these meters in the same fluid at the
samp temperature and flow rate as is expected in their
intefded performance test environment or service. If the
calibration laboratory does not have the identical fluid,
the mext best procedure is to calibrate the meter in a simi-
lar fluid over the same range of viscosity —pressure drop
factgr expected in service. This recommendation implies
duplicating the absolute viscosity of the two fluids.

4-6| AIR-FLOW MEASUREMENT

4-6.

Dpie to the large ducts handling airflows associated
witl this Code, often the only practicable method;.&f
direft air-flow measurement is the velocity traverse
method. This method shall be considered the primary
method for measuring airflows and is the enly direct
meapurement method discussed by this Code.

Ah alternate direct measurement method is that
of the calibrated gas turbine bell meuth method. In
this|approach, the gas turbine béll' mouth has been
calirated at a laboratory and the airflow is deter-
mingd from pressure drop(measurements across the
bell|mouth. Typically the Jcalibration information is
the $ole property of the\gas turbine manufacturer and
acceps to the calibration information or the use of this
device is not always-available to parties for an inlet air-
condlitioning equiipment test. This method is acceptable
if thp calibration information is available to the parties
of the testiand the measurement uncerainty meets the
reqyirements of this Code.

1 Introduction

methods. These methods include, but are not limited to,
calculation of airflow using exhaust gas composition,
gas turbine energy balance, and heat-recovery steam
generator energy balance minus the gas turbine/duct
burner fuel flow input. These analytical methods may be
permitted if it can be shown that the uncertainty of the
method is at least equal to that of the velocity traverse
method. The calculation of airflow using exhaust gas
composition is discussed in para. 5-2.5.6. For application
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application of air-flow measurement devices; L

Since air mass—flow measurement planes apsociated
with ASME PTC 51 tests are not conduciveto thg applica-
tion of direct mass-flow measuremernit dévices, [air mass
flow must be treated as a variable thabis a function of the
parameters of velocity, pressure,teniperature, angl humid-
ity. In the velocity traverse method, the duct is supdivided
into a number of elemental dreas and, using al suitable
probe, the velocity, incident angle, and tempgrature is
measured at a point ifreach elemental area over g selected
measurement planeatea. The total flow is then jobtained
by combining the contributions of each elemental area.
Within the framework of the velocity traverse[method,
many different techniques have been proposeq: Gauss,
Tchebycheff, log-lineaer, and equal area, among others.
Forguidance on these methods, please refer to AAME PTC
19;5. This Code does not require one particulag method
be used over another. Each method has its bengfits and
problems depending on the flow stream being gnalyzed.
Therefore, this Code has elected to allow the usef to select
the best method for their application. Proper
measurement instrument by following the manufactur-
er’s guidelines and specifications for the instrunjent shall
be followed so as to limit the overall test uncertajnty.

Mass flow rate as shown by computer printoyt or flow
computer shall not be acceptable without showing inter-
mediate information and the data used for thg calcula-
tions. As example, in the case of a differential presgure class
meter, required intermediate information includeg the pitot
calibration coefficient and incident angles. Data|includes
static and differential pressures, and temperatur¢. For the
case of a mechanical meter, required intermediate|informa-
tion includes the meter constant(s) used in the calculation,
and how it is determined from the calibration cugve of the
meter. Data includes frequency, temperature, and static
pressure. Regardless of the flow measurement| devices,

analysis methods and the intermediate information used
. . . 0o .

Since the characteristics of measurement planes will
change from test to test, this Code has elected to provide
general guidance on the methods that lead to accurate
determination of airflow by traverse. It will be up to the
user of the Code to determine which methods are appli-
cable to their flow-traversing situation.

4-6.2.2 Required Uncertainty. The required uncer-
tainty shall depend upon the type of parameters and
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variables being measured. Refer to paras. 4-1.2.2 and
4-1.2.3 for discussion on measurement classification and
instrumentation categorization, respectively.

If not otherwise specified by this Code, Class 1 pri-
mary velocities shall be determined with air-velocity
measurement devices that have a systematic uncer-
tainty of no more than *3% of reading. Devices used
to determine Class 1 primary parameters and variables
shall have a laboratory calibration performed unless the

taken into account when determining the most appro-
priate flow-measurement device.

4-6.3.1 Differential Pressure Devices. There are a
number of acceptable differential pressure devices that
may be used for determining point velocities. These
devices, when used in conjunction with a suitable
manometer or differential pressure transmitter, provide
an accurate means to determine flow velocity from the

device ¢

= ot £ L dodaate
han + “_“;‘V“ﬂ‘*‘l‘_“ CAE A A measurement of differential pressue through the appli-
t aI} *3 ° without ca11b1.ra.t1on}.1 | S a cation of Bernoulli’s equation.
Class ¥ primary velocities shall be measured with air- Depending on the pitot-static tube designsa caljbra-

velocity |measurement devices that have a systematic
uncertaihty of no more than 6% of reading. Secondary
parametprs and variables can be measured with any
type of flow-measurement device.

Uncerfainty requirements for the measurements of
pressure} temperature, and humidity are given in paras.
4-2.2,4-3.2, and 4-4.2, respectively.

Class [l primary flow measurements determined by
velocity |traverse shall have a total uncertainty of no
more thgn 5%. Class 2 primary flow measurements
ied by velocity traverse must have a total uncer-

the traverse plane or by using more sophis-
athematical techniques (e.g., interpolation
ials, boundary layer corrections) [6, 7, 8, 9]. It

ticated
polyno

ore realistic in light of the varied distributions,
that may actually occur in the field, to obtain

or unsulpstantiated assumptions regarding such things
as boundary layer effects.

4-6.3 Ré¢commended Flow-Measurement Devices

Differ¢ntial pressure metgts (pitot, venturi, and multi-
directiorfal), mechanical.ineters (propeller/vane), and
thermal meters (hotwiz€, and resistance) are the classes
of meterp recommended in this Code for the following
specific gpplications covered herein.

Table 4-6.3-kprovides a sample list of instruments that
measurelair-flow velocity, typical application ranges, and
associatdd i i i
urement technology will change over time, this Code
does not limit the use of other air-flow measurement
devices not covered in this Code, not currently avail-
able, or not currently reliable. If such a device becomes
available and is shown to be of the required uncertainty
and reliability, it may be used.

The user of this Code must be careful in the selection
of air-velocity measurement devices to ensure that they
meet the requirements of the measurement. Economic,
application, and uncertainty considerations should be
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tion coefficient shall be used as a premultiplying fajctor,
or a characteristic curve(s) shall be employed to cofrect
the measurement to give the actual (value. Howevdr, in
some cases, the design of the prebe.selected inhergntly
lends itself to a discharge coefficient of unity. Exanjples
of this are the N.P.L. tapered head (0.995 < K < 0.996), the
N.P.L. hemispherical head~(0.993 < K < 0.995), an{ the
N.P.L. modified ellipsoidal head (0.994 < K < 1.002)

Itis required that alkdifferential pressure devices us¢d in
the measurementf Class 1 velocity measurements bq lab-
oratory calibrated with exception to standard pitot-gtatic
tubes. Standarfd pitot-static tubes are considered primary
instruments:and need not be calibrated provided thatfthey
are maintained and free of damage, debris, or wargage.
Calibrated probes should be handled with care because
large scratches or nicks near the pressure taps shall injvali-
date the calibration. If the device is viewed to be damdged,
it should be recalibrated or replaced. Any secondary| ele-
ments (differential pressure transmitters, manomdters,
etc.) utilized with differential pressure devices shall algo be
calibrated. Please refer to para. 4-2.3.3 for the calibration
requirements of the secondary elements.

Nondirectional probes may be used only in appllica-
tions where preliminary tests with directional prpbes
gives good evidence that the average of the absolute val-
ues of either yaw angle or pitch angle does not exfeed
5 deg with exception of the Kiel style, which can be fised
when the yaw or pitch angle does not exceed 15 deg,.

A five-hole probe (Fig. 4-6.3.1-1) is generally reqyired
to determine pitch angles as well as yaw angles. In opera-
tion, a five-hole probe is inserted in the proper port tp the
proper depth for each traverse point. The probe shpuld
be rigid enough over its inserted length to avoid|any
droop or bending. The reference line on the probe shpuld
i i the
total pressure hole is pointing upstream perpendicular
to the measuring plane, the indicated yaw angle is zero.
The probe is then rotated about its own axis until a null
balance is obtained across the taps of the static pres-
sure holes. The angle of probe rotation from the zero
yaw reference direction is measured with an appropri-
ate indicator and is reported as the yaw angle. Without
changing the angularity of the probe, the pressure differ-
ence across the taps for the fourth and fifth holes shall
also be recorded and used with the indicated velocity
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Table 4-6.3-1 Air-Velocity Measurement Devices

Class of Device Examples Within Class

Typical Velocity Range Typical Uncertainty

Differential pressure Standard pitot-static tubes (nondirectional)
N.P.L tapered head standard
N.P.L. hemispherical head standard
N.P.L. modified ellipsoidal head standard
ASHRAE spherical head standard
ASHRAE blunt head
Prandtl

1m/sto50m/s (3.3 ft/sec to
164 ft/sec) [Note (1)]

50 m/s (164 ft/sec) and above
[Note (2)]

1% to 5% of reading

Stauscheibe (S-type)

Shielded head (nondirectional) 1m/sto50m/s (3.3 ft/sec to 1% to 5%.of'redding
Kiel style 164 ft/sec) [Note (1)]
50 m/s (164 ft/sec) and above
[Note (2)]
Directional (yaw/pitch) 1m/sto50m/s (3.3 ft/sec to 1% to 5% of reading
Claw type 164 ft/sec) [Note (1)]
Angle-tube 3-hole 50 m/s (164 ft/sec) and abové
Prism } # Holes { 5-hole [Note (2)]
Spherical 7-hole
Fechheimer
Medhanical Turbine-type meters (nondirectional) 0.5 m/s to 30 m/s(16 ft/sec to 2% to 5% of regding
afemometer Deflecting vane 98 ft/sec)
Revolving (rotating) vane
Revolving (rotating) propeller
GENJERAL NOTES:
@

ed under this Code.
.P.L. = National Physical Laboratory

allo

(b)

(c) ASHRAE = American Society of Heating, Refrigerating and Air-Conditioning Engineers

NOTES:
M4
@4

prespure and the pitch pressure coefficient to determine
pitch angle. Measurements of indicated velocity pres-
sure| and static pressure or indicatéd velocity pressure
and total pressure shall be regorded with the probe in the
profer null-balance positigh'(note that a null balance can
be optained at four diffefent positions but only one is cor-
rect.|Incorrect null pgsitions usually correspond to nega-
tive velocity pressurés). When a directional probe cannot
be nplled, velocity-pressure shall be recorded as zero.
Althree-hale probe (Fig. 4-6.3.1-2) is operated in a sim-
ilar manner\eXcept that the pitch pressure difference is
omitted:

:Fis table provides only samples of the instruments under each class given and is not intended to be an all-inclusive list of instrunjents

chievable with use of a micromanometer or special-range-pressure transmitter
chievable with use of a standard manometer or pressure transmitter

mechanical anemometers should be handlpd with
care because damage to the primary elemenf (dings,
scratches, warping, etc.) will invalidate the calibration.
Likewise, if the device is used in dusty or corrogive envi-
ronments, buildup on the rotating element will lead to
loss of calibration. If the device is viewed to be damaged
or dirty, it should be recalibrated or replaced.

As with other nondirectional air-measuring eqpipment,
the revolving anemometer is subject to errors dye to inci-
dent angles (angles of attack). Vane anemompters are
more susceptible to incident angle than to prop¢ller ane-
mometers since the vane anemometer is equipp¢d with a
shroud around the rotating element. Vane anenhometers

4-6.3.2 Mechanical Anemometers. Aswith the differ-
ential pressure devices, mechanical anemometers come in
a variety of configurations to determine measurements of
point velocities. When properly used, these devices ena-
ble the user to determine suitable flow velocities within
the uncertaninty required for Code-level testing.

Due to their aerodynamic nature and mechanical
operation, all mechanical anemometers used in the
measurement of Class 1 or Class 2 primary velocity
measurements shall be laboratory calibrated. Calibrated

43

can expect to have a 1% error for 10 deg, while propeller
anemometers can expect to have a 1% error for +20 deg.
Mechanical anemometers may be used only in applica-
tions where preliminary tests with directional probes give
good evidence that the average of the absolute values
of either yaw angle or pitch angle do not exceed 5 deg
for vane anemometers and 10 deg for propeller-style
anemometers. Mechanical meters are also susceptible to
overregistration due to contaminants, positive swirl, non-
uniform velocity profile, and pulsations. ASME PTC 19.5
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Fig. 4-6.3.1-1 Five-Hole Probe
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GENERAL NOTE: U-tubes are shown, but inclined manometers or other transducers can be used.
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Fig. 4-6.3.1-2 Three-Hole Probe
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GENERAL NOTE: U-tubes are shown, but inclined manometers or other transducers can be used.
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Fig. 4-6.3.3-1 Directional Thermal Anemometer: Triaxial Probe (Three Wire)

AY

A

(X,Y,2) = Probe coordinate system
(U,V,W) { Flow-calibrated coordinate
system

should He consulted for guidance for flow disturbances
that may| affect meter performance and for standardized
tests to apsess the effects of such disturbances.

Due t¢ the effects that variations of air density have
on the a¢curacy of the measurement, temperature com-
pensatioh equipped devices are recommended.

4-6.3.3 Thermal Anemometers. At the core of this
type of Hevice is typically an exposed hot wire, film,
RID, thérmistor element, thermocouple junctiofi,etc.,
that is efther heated up by a constant current ot main-
tained af a constant temperature. In either case, the heat
lost to fljnid convection is a function of‘the fluid veloc-
ity. By mleasuring the change in wire-tempperature under
constant| current or the current requited to maintain a
constantfwire temperature, the heat'lost can be obtained.
The heat lost can then be conyerted into a fluid veloc-
ity in acfordance with convective theory. Thermal ane-
mometefs must employ, ¢alibration curve(s) to correlate
the meaqurement of.%oltages to velocities.

All thermal anemometers used in the measurement
of Class|1 or Class 2 primary velocity measurements
shall be [labératory calibrated. Calibrated thermal ane-
mometefs should be handled with care because damage

indicated air«elocity is temperature compensated to fefer-
ence temperature related to standard calibration condifion.

Nondirectional thermal anemometers may be fised
only-inapplications where preliminary tests with dfirec-
tional probes give good evidence that the average of the
absolute values of either yaw angle or pitch angle Hoes
not exceed 15 deg.

Thermal anemometers equipped with three wireg are
generally required to determine pitch angles as well as|yaw
angles. In operation, a directional thermal anemonpeter
(Fig. 4-6.3.3-1) is inserted in the proper port to the proper
depth for each traverse point. The anemometer should be
rigid enough over its inserted length to avoid any dfoop
or bending. The reference line on the probe should be Jised
to orient the probe in such a way that the reference lipe is
pointing upstream perpendicular to the measuring plane.
The measurement of voltage over the three wires can th¢n be
used with the calibration curves to determine the pitchj and
yaw angles associated with the particular traverse poinf.

4-6.4 Flow-Measurement Device Calibration

All flow-measurement devices, with exception tq the
standard pitot-static tube, shall be calibrated. Calibrgtion

to the primary element will invalidate the calibration.
Likewise, if used in dusty or corrosive environments,
buildup on the primary element will lead to loss of cali-
bration. If the device is viewed to be damaged or dirty, it
should be recalibrated or replaced.

Due to their principle of operation, thermal anemom-
eters used in the measurement of Class 1 or Class 2 pri-
mary velocity measurements shall be equipped with an
ambient temperature-sensing RTD or thermistor so that the

may be carried out in a free-stream flow nozzle jet (Fig.
4-6.4-1), ASME flow chamber (Fig. 4-6.4-2), or a wind
tunnel (Fig. 4-6.4-3). The calibration reference may be a
standard pitot-static tube or laser doppler velocimeter
(preferred) or a previously calibrated reference device of
another type. The reference and the test probe shall each
be mounted so that they can be placed in the stream alter-
nately, and their positions in the stream shall be the same
and firmly held. In wind tunnel applications where the
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Fig. 4-6.4-1 Free-Stream Flow Nozzle et
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Fig. 4-6.4-2 ASME Flow Chamber
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flow profile can be demonstrated identical for the refer-
ence and test probe-mounting locations, simultaneous
mounting calibration is acceptable. Independent of the
type calibration flow stream, the probe blockage (refer-
ence + standard) shall be less than 5% of the cross-sec-
tional area. Preferably, the probe/device blockage should
be as small as possible. The flow should be adjusted to
produce at least 10 equally spaced calibration points. For
nondirectional devices, the calibration shall include data
on Obliq 104 £La] 'y s

indicated total pressure, p,, and differential, indicated veloc-
ity pressure, p,,, can each be recorded for each probe. When
calibrating directional probes, the static pressure from each
static pressure hole should be observed and any differences
noted. The static pressure hole that is used to obtain indi-
cated velocity pressure during the calibration should be
noted and the same hole used for subsequent tests.

Probe calibration shall be expressed in terms of a

probe total pressure coefficient, K,, and a probe velocity
£ T Cal'

£] £ £l
te-How-tp-toto-degoffthe metermdsfortheput

pose of ¢ompensation of incident angles. All calibration
devices ghall be used in applications within their calibra-
tion range. The calibration curve may not be extrapo-
lated. For directional devices, the directional calibrations
shall be onducted with a rotational unit outfitted with a
protractqr scale that shall have a demonstrated accuracy
of =2 dep for measurement of yaw and pitch angles.

4-6.4.]1 Calibration of Differential Pressure Devices.
When calibrating nondirectional probes, the probe shall be
aligned gerpendicular with the stream to eliminate yaw- or
pitch-angle influence. The probe shall be scribed with a ref-
erence lithe to indicate that the total pressure hole is point-
am perpendicular to the measurement plane.

to eliminate yaw by null-balancing. The probe shall be
scribed yvith a reference line to indicate when the total
pressurelhole is pointing upstream perpendicular to the
measurifg plane and corresponds to the null-balanced
positionfof the probe and the zero-degree point on the
probe’s faffixed protractor. The protractor scale, with
which the probe is equipped can be checked against'any
high-quglity protractor used as a reference.

Pitch gngles are determined from a pressure measure-
ment obfained with a pressure indicator onnected across

A calilpration function' that represents pitch angle as a
function pf the pitchipressure coefficient, C, (= pitch pres-
sure diff¢rence/inhdicated velocity pressure), and Reynolds
number may_be derived. See Fig. 4-6.4.1-1. For probes of
highly arjgular shape, such as the prismatic five-hole probe,

£L0 o2 batatal £L2 o2 T
SOt A TR PTODCTOtar PTESSUT C-COCTIICICTIT1]

culated from the test data by

(o).
(p ti )test

The probe velocity pressure coefficient is calculated
from the test data by

( Kv,ref ]( (pvi),ef
1+ K, &8 (pm )lest

t

K

@le-1)

_ Btesl Kv/rcf (pzvi )ref
Iyt K e Bret (Pm )test
where
(1 - ) S
B = +——2(C,)| L 416-2
4(1_8?)_3( ol ¢ (416-2)
and
K .
(1 - 8;7) = 1 - |:—v'ref :H:—(pm )ref :| (4 6'3)
2k (p si )ref
NOTE: It is recognized that C/, is usually not known to a|high
degree of accuracy. Lacking specific information, C,, = 1R for

probes of cylindrical shape. For a closed wind tunnel, 8 wjll be

positive; for a free jet, 8 will be negative.

The equation for K includes a correction for pfobe
blockage derived from the analysis presented in [refs.
[10] and [11]. If the reference probe is a pitot-static fube,
K, ., =1, and the blockage of both the reference pfobe
and the test probe is negligible, 5, /C <0.0005, the efjua-
tion for K assumes the simplified form.

KU _ (pm’ )ref
(pvi )test

Generally, the probe total pressure coefficient|and

(4}6-4)

the relationship of the pitch angle to the pitch pressure coet-
ficient may be expected to be independent of Reynolds
number for values of Reynolds number above roughly 10%.
For such probes, Reynolds number effects may be ignored.
Static pressure indication shall be from the appropriate
static pressure hole(s) of the reference probe and test probe
and not from wall taps (Fig. 4-6.4-3 Wind Tunnel), nor shall
it be assumed equal to ambient pressure (free jet). The test
probe and reference probe shall be connected to appro-
priate indicators so that the indicated static pressure, p_,
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the probe velocity pressure coefficient are functions of
a Reynolds number for nondirectional and three-hole
probes and functions of the pitch pressure coefficient,
C4 and a Reynolds Number for five-hole probes. For
probes of highly angular shape, such as the prismatic
five-hole probe, the coefficients may be expected to be
independent of the Reynolds number for values of a
Reynolds number above roughly 10%. For such probes,
Reynolds number effects on the coefficients may be
ignored.
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Fig. 4-6.4-3 Wind Tunnel

1)L

446.4.2 Mechanical Anemometer Calibration. When
calirating mechanical anemometers, the primary ele-
merit shall be aligned perpendicular with the stream to
elimfinate yaw- or pitch-angle influence. The anemometer
shall| be scribed with a reference line to indicate that the
prinJ\:ry element is pointing upstream, perpendicular to
the measurement plane. Calibrations shall be presented
in the form of a calibration curve or table showing cor-
rections to the indicated air speeds that shall be applied
thropghout the range for which the instrument is cali-
bratpd. Considerable care shall be taken to provide @
suitdble steady and uniform airstream for the purpeses
of cdlibration of this class of device.

6.4.3 Thermal Anemometer Calibration:“\Calibration
ermal anemometers establishes a relation between
ermal anemometer output and,the flow velocity by

a
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conyerting data records_from voltages into velocities.
Temperature shall be recorded during calibration to for-
mulfte a temperature correction from calibration-to-meas-
urerent temperattire variation.

Itisensor«<probes are required to be directionally
califrated. (Jhis calibration provides the individual
dire¢tionaksensitivity coefficients (yaw angle and pitch
angle)for'the sensors that are used to decompose cali-
bratter—weloeities—into—velocity—components—Directons
calibration is required only once in a probe’s lifetime, as
it depends only on the geometry that will not change in
use. If the probe geometry is compromised, it shall be rec-
alibrated (see Fig. 4-6.4.1-1 for a typical calibration of a
five-hole probe).

Directional calibration of X-probes requires a rotation
unit where the probe can be rotated on an axis through
the crossing point of the wires perpendicular to the wire
plane. The yaw angle coefficients for wires 1 and 2 shall
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be used to decomposé-the calibration velocitied for wire
1 and 2, respectivelyinto the directional comp¢nents of
the measured velecity. The coordinate system|shall be
defined with(respect to the wires of the probe) and the
probe shall be calibrated against velocity for cajculation
of the yaw-angle coefficients.
Directional calibration of triaxial probes requires a rota-
tion unit where the probe axis can be tilted with respect
to'the flow and thereafter rotated 360 deg aroungl its axis.
The directional sensitivity of triaxial probes is character-
ized by a yaw and a pitch for each sensor. The prpbe coor-
dinate system shall be defined with respect to tle sensor
orientation, and the probe shall be calibratefl agains
velocity for calculation of the yaw-angle coefficignts.

4-6.5 Traverse Planes

Gas turbine inlet air-conditioning equipnpent has
at least two traverse planes, the inlet and thie outlet.
Either plane or both can be used as the traverge plane.
The preferred location is upstream due to ease pf access
and reduced chance of accidental injection of foreign
objects by the gas turbine since this measurement
plane is upstream of the inlet filters. However, since
the inlet is typically very large, this measuremgnt plane
requires a larger number of traverse points. |[n some
applications, the downstream plane may be preferen-
tial due to smaller areas and increased velocity.

Only one traverse plane is required to deternjine flow

ace t v, - ' e C e C 0 - C qualif}’,
each should be used. If neither plane qualifies, an alter-
nate plane further downstream (gas turbine exhaust, stack
exhaust, etc.) shall be traversed and the fuel flow mass and
secondary flows (if present) shall be subtracted.

4-6.5.1 Qualified Velocity-Traverse Planes. To
qualify for a velocity traverse for purposes of deter-
mining air-flow rate, a plane shall meet the following
specifications:
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Fig. 4-6.4.1-1 Typical Calibration Curve for a Five-Hole Probe
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GENERAL NOTE: Actual calibration curves may exhihit discontinuities.

— Thetfe shall be no internal.supports or other internal ~ physical and installation constraints found in the field jmay
obstructfons within the plane. dictate the choice of traverse pattern.

— The|profile of a person’ standing near the probe to For circular ducts, a minimum of 5 sensors per radlius,
support |it may cause\flow disturbances greater than  or 10 per diameter, is required. For rectangular dficts,
acceptable. If otherrmondisturbing supports are not avail- ~ a minimum of 5 traverse lines with 5 traverse p¢ints
able, all Juch test.points shall be gathered usingawand of ~ each, for a total of 25 points, is required. It is requirgd to
1.1 m (4 ft) minxlength. perform a pretest uncertainty analysis simultaneously

— A preliminary velocity traverse shall show that the  with the instrumentation and test design to ensure|that
flow is reversedtoresserntiatty stagrmartat o moretharr suffictertgrid-poirts—are setectedtoactieve theTrieas-

15% (preferably 0%) of the elemental areas.
— There shall be no sudden change in either cross-
sectional area or duct direction.

4-6.5.2 Determination of Sampling Grid. Measurements
shall be taken at centroids of elemental areas determined
by Gauss, Tchebycheff, log-lineaer, or equivalent method.
The reason for providing a choice in the travese pattern is
that the sensor locations are different for each method and

urement uncertainty requirements of this Code. The
number of points may have to be increased beyond the
required minimums above to achieve the uncertainty
requirements. Refer to ASME PTC 19.5 for more infor-
mation about determination of sampling grids.

4-6.5.3 Orientation of Traverse Ports. Depending
upon access and size of the duct, traverse ports fabri-
cated into the duct walls may be necessary. Yaw and
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pitch are the two angles necessary to orient the velo-
city vector with respect to the nominal direction of flow
(normal to the measurement plane). It is desirable, when
measuring both yaw and pitch, to measure the larger
angle by rotating the probe as explained in para. 4-6.3.1.
For this reason, the traverse ports should be located in
the duct wall or walls to orient the probes accordingly.

For measurement planes of circular cross section, the
traverse ports should be oriented so that the probe stem
will eial

4-7.3 Electrical-Metering Equipment

There are five types of electrical-metering equipment
that may be used to measure electrical energy.

— watt meters

— watt-hour meters

— var meters

— var-hour meters

— power factor meters

Single or polyphase metering equipment may be

ba Lo
oeRSCrTeaTactarty-

r measurement planes of rectangular cross section,
the fraverse ports should generally be oriented so that
the probe stem is parallel to flow. In any case, the par-
ties [should agree in advance to the orientation of the
traverse ports.

446.5.4 Handheld Devices. This Code does not
exclide the use of handheld devices for implementation
of the velocity-traverse method. These devices may be
used if the combined device and person blockage is less
thar| 5% of the cross-sectional area. Further, the sensing
elenjent shall be held perpendicular to the flow direc-
tion|from the user’s torso by 0.6 m (2 ft) to avoid block-
age |nfluence of the user.

4-7 | HIGH-VOLTAGE ELECTRICAL MEASUREMENT

4-7.

Tlhis subsection presents requirements and guidance
regarding electrical measurements of greater than 480,V
at 6() Hz or 460 V at 50 Hz.

The scope of this subsection includes

—|the measurement of polyphase (threesphdse) alter-
natifg-current (AC), real (active) and reactive power
the measurement of direct-current (DC) power
r additional requirements and-instructions, see ref.

1 Introduction

Eq
[12]

P Required Uncertainty

current transformers, and 0.3% or better accuracy class
(metering-type) voltage transformers.

Class 2 primary parameters and variables should
be measured with 0.5% or better accuracy class power
metering, 0.3% or better accuracy class (metering-type)
current transformers, and 0.3% or better accuracy class
(metering-type) voltage transformers.

Secondary parameters and variables can be measured
with any type of power measurement device.
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used. However, if polyphase metering equipment is
used, the output from each phase shall beravgilable or

the meter shall be calibrated three phaseThese meters
are described below.
The warm-up time of electrical-metering equip-

ment shall be in accordance sith the manufacturer’s
recommendations to ensure insttument specificqtions are
met. Electrical-metering equipment with varioyis meas-
urement range settings should be selected to minimize
the reading error while-encompassing the test cqnditions.
The systematic uncertainty associated with digital power
analyzers that use*some form of digitizing technique to
convert an antalog signal to digital-form accuracy $pecifica-
tions shall,eonsider influence quantities including, but not
limited, toj.environmental effects such as ambient fempera-
ture, . magnetic fields, electric fields, and humidify, power
faetot, crest factor, digital/analog output accurgcy, timer
accuracy (integration time), and long-term stability.
The leads to the instruments shall be arranged so that
inductance or any other similar cause will not {nfluence
the readings. Inductance may be minimized by utiliz-
ing twisted and shielded pairs for instrument ldads. The
whole arrangement of instruments should be ch¢cked for
stray fields. Additionally, the lead wires shall haye insula-
tion resistance appropriate for their ratings.
To minimize the voltage drop in the voltagp circuit,
wire gauge shall be chosen considering the length of the
wiring, the load on the voltage transformer cirfuit, and
the resistance of the safety fuses. The errors due to wir-
ing resistance (including fuses) shall always pe taken
into account, either by voltage-drop measurem¢nt or by
calculation.
Extreme care shall be exercised in the transpoftation of
calibrated portable instruments. The instrumentgs should
be located in an area as free of stray electrostatic gnd mag-
netic fields as possible. Where integrating metersare used,
a suitable timing device shall be provided to agcurately
atermine the real powe i he testtime pdriod.
To reduce the effect of instrumental loss on measure-
ment accuracy, power-metering equipment should be
selected that uses a separate source of power and that has
high-impedance voltage inputs (i.e., 2.4 MQ) and low-
impedance current inputs (i.e., 6 m2).

4-7.3.1 Watt Meters. Watt meters measure instanta-
neous active power. The instantaneous active power shall
be measured frequently during a test run and averaged
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over the test-run period to determine average power (kil-
owatts) during the test. Should the total active electrical
energy (kilowatt-hours) be desired, the average power
shall be multiplied by the test duration in hours.

Watt meters measuring a Class 1 primary variable
shall have a systematic uncertainty equal to or less than
0.2% of reading. Metering with a systematic uncertainty
equal to or less than 0.5% of reading shall be used for
the measurement of Class 2 primary variables. There are
No MetefiRg-acetracyreqtitrementsfor-meastrermento
secondafy variables. The output from the watt meters
shall be §ampled with a frequency high enough to attain
an accepjtable random uncertainty. This is a function of
the varigtion of the power measured. A general guide-
line is a frequency of not less than once each minute.

4-7.3.2 Watt-Hour Meters. Watt-hour meters meas-
ure activle energy (kilowatt-hours) during a test period.
The medsurement of watt-hours shall be divided by
the test fluration in hours to determine average active
ilowatts) during the test period.
our meters measuring a Class 1 primary vari-

Class 2 pfimary variables. There are no metering accuracy
requirenjents for measurement of secondary variables.
The resolution of the watt-hour meter output is often
so low that high inaccuracies can occur over a typical
test peripd. Often watt-hour meters have an analog or
digital oitput with a higher resolution that may be used
to incredse the resolution. Some watt-hour meters.have
a pulse ftype output that may be summed over’time
to determine an accurate total energy duringlthe test
period. Jor disk-type watt-hour meters with no external
output, the disk revolutions can be counted during a test
to increafse resolution.
blectronic watt-hour metersdlso display blink-
or LCD elements that¢ofrespond to disk rev-
olutions|that can be timed £0ydetermine the generator
electrical output. In such«cases, much higher resolution
can be 3chieved usually~by timing a discrete repeat-
able eveht (e.g., a certain number of blinks of an LCD
or complete rotations of a disk) rather than counting
the numpber of events in a fixed amount of time (e.g.,
number pf rotations of a disk in 5 min).

Var meters measuring a Class 1 or Class 2 primary vari-
able shall have a systematic uncertainty equal to or less than
0.5% of range. There is no metering accuracy requirements
for measurement of secondary variables. The output from
the var meters shall be sampled with a frequency high
enough to attain an acceptable random uncertainty. This is a
function of the variation of the power measured. A general
guideline is a frequency of not less than once each minute.

reactive energy (kilovar-hours) during a test period,| The
measurement of var-hours shall be divided by, the| test
duration in hours to determine average redctive pqwer
(kilovars) during the test period.
Var-hour meters measuring a Class 1-or Class 2|pri-
mary variable shall have an uncertaiftty equal to orfless
than 0.5% of range. There are“no metering accufacy
requirements for measuremefnt of secondary variables.
The resolution of var-houimeter output is often soflow
that high inaccuracies can.@ccur over a typical test pefiod.
Often var-hour metefs have an analog or digital output
with a higher resplution that may be used to increas¢ the
resolution. Some\var-hour meters also have a pulse-fype
output that may’be summed over time to determinfe an
accurate total energy during the test period. For disk-type
var-houtmeters with no external output, the disk reyolu-
tions-¢ah be counted during a test to increase resolutjon.

4-7.3.5 Power Factor Meters. Power factor may be
measured directly using three-phase power factor tfans-
ducers when balanced load and frequency conditions
prevail. Power factor transducers shall have a sysfem-
atic uncertainty equal to or less than 0.01 PF of the ndi-
cated power factor.

4-7.4 Electrical-Metering Equipment Calibration

4-7.4.1 Watt and Watt-Hour Meter Calibration. Watt
and watt-hour meters, collectively referred to as pgwer
meters, are calibrated by applying power througH the
test power meter and a watt meter or watt-hour mjeter
standard simultaneously. This comparison should be
conducted at several power levels (at least five) aqross
the expected power range. The difference betweer] the
test and standard instruments for each power level
should be calculated and applied to the power mnjeas-
urement data from the test. For test points betweer] the
calibration power levels, a curve fit or linear interpola-

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. 4-6.3.2. The instantaneous reactive
power shall be measured frequently during a test run
and averaged over the test-run period to determine
average reactive power (kilovars) during the test. Should
the total reactive electrical energy (kilovar-hours) be
desired, the average power shall be multiplied by the
test duration in hours.

tion should be used. The selected power levels should
be approached in an increasing and decreasing manner.
The calibration data at each power level should be aver-
aged to minimize any hysteresis effect. Should poly-
phase 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 watt meter standard should be measured with fre-
quency high enough to reduce the random error during
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calibration so the total uncertainty of the calibration
process meets the required level. The average output can
be multiplied by the calibration time interval to compare
against the watt-hour meter output.

Watt meters 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 on 50 Hz equipment.

Watt meter standards should be allowed to have
power flow through them prior to calibration to ensure
the gevieeisadeatately—warm—Thestandardshotddbe
chedked for zero reading each day prior to calibration.

47.4.2 Var and Var-Hour Meter Calibration. To cali-
bratp a var or var-hour meter, one shall either have a
var ftandard or a watt meter standard and an accurate
phage-angle measuring device. Also, the device used
to s@ipply power through the standard and test instru-
ments shall have the capability of shifting phase to cre-
ate deveral different stable power factors. These different
powjer factors create reactive power over the calibration
range of the instrument.

Should a var meter standard be employed, the pro-
cedyre for calibration outlined above for watt meters
shoyld be used. Should a watt meter standard and
phage-angle meter be used, simultaneous measurements
fror:in the standard, phase-angle meter, and test instru-

ment should be taken. The var level shall be calculated
fronp the average watts and the average phase angle.
Var meters should be calibrated at the electrical line fre=
quency of the equipment under test, i.e., do not calibrate
met¢rs at 60 Hz and use on 50 Hz equipment. Var meters
are particularly sensitive to frequency and shotld be
used within 0.5 Hz of the calibration frequency.
When calibrating var-hour meters, the output from
the yar meter standard or watt meter/phase-angle meter
compination should be measured with frequency high
enotigh to reduce the random error during calibration
S0 t&:e total uncertainty of the calibration process meets
the fequired level. The average’output can be multiplied
by the calibration time nterval to compare against the
var-pour meter output.
Should polyphase-metering equipment be used, the
output of each phase shall be available or the meter shall
be chlibrated/with all three phases simultaneously.

4-7.5 Instrument Transformers

In

(a) reducing the voltages and currents to values that
can be conveniently measured, typically to ranges of
120 V and 5 A, respectively

(b) insulating the metering instruments from the high
potential that may exist on the circuit under test

Instrument transformer practice is described in detail
in ref. [13].

The impedances in the transformer circuits shall be
constant during the test. Protective relay devices or volt-
age regulators shall not be connected to the instrument

transformers used for the test. Normal station instru-
mentation may be connected to the test transformers
if the resulting total burden is known and is within the
range of calibration data.

Instrument transformers include voltage transform-
ers and current transformers. The voltage transformers
measure voltage from a conductor to a reference, and the
current transformers measure current in a conductor.

The instrument transformers introduce errors when
HE te t — g rient to a
low secondary voltage or current. These errqrs result
in a variation of the true ratio from the marked ratio,
and also the variation of the phase anglé from the ideal
(zero). The magnitude of the errorsidepends ory

— the burden (number and kinds of instruménts con-
nected to the transformer)

— the secondary current, (in the case of| current
transformers)

— the power factor-of‘the device being meagured (in
the case of power measurement)

It is recommended to test near a power facto of unity
to minimize the'sensitivity of the measured power to the
phase-angleerrors arising from the power metqr, «, cur-
rent trarisformers, B, and voltage transformers,|y.

4-7.5.1 Voltage Transformers. Voltage transformers
are used when measuring either phase-to-phas¢ voltage
or phase-to-neutral voltage. The voltage transformers
serve to convert the line or primary voltage (typidally very
high in voltage) to a lower or secondary voltage safe for
metering (typically 120 V for phase-to-phase sysfems and
69 V for phase-to-neutral systems). For this regson, the
measured secondary voltage shall be multiplied by the
appropriate turns ratio to calculate the primary yoltage.

Voltage transformers are available in severgl meter-
ing accuracy classes. For the measurement of (Jlass 1 or
Class 2 primary variables, 0.3% or better accurpcy class
(metering-type) voltage transformers shall beused. In
the case of Class 1 primary variable measstements,
voltage transformers shall be calibrated for tufrns ratio
and phase angle and operated within their rqted bur-
den range. The method of calibration should p¢rmit the
determination of the turns ratio and phase angle to an
uncertainty of =0.1% and *0.9 mrad (3 min), respec-
tively. The calibration shall consist of ratio anfl phase-
angle tests from 90% to 110% of rated primary voltage

i e maxi-

mum standard burden for which the transformer is
rated at its best accuracy class. The magnitude of such
corrections depend upon

— the burden (number and kinds of instruments con-
nected to the transformer)

— the power factor of the device being measured (in
the case of power measurement)

The ratio is usually from 0.1% to 0.3% below the nom-
inal value for a small burden, while the phase angle is
commonly negligible, being slightly leading. Voltage
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transformer ratio correction factors (RCF ) shall be applied
for the actual burdens that exist during the test. Actual
volt-ampere burdens shall be determined either by calcu-
lation from lead impedances or by direct measurement.
Reference [13] should be consulted for determining the
associated equations in providing an analytical determi-
nation of the RCF_. Corrections for voltage drop of the
connecting lines should be determined and applied.

In using voltage transformers, care should be taken

is in the primary winding, in order to change the instru-
ment, for example, the secondary winding should be
short-circuited, preferably at the transformer terminals.

4-7.6 Calculation of Corrected Average Power or
Corrected Total Energy

The calculation method for average power or total
energy should be performed in accordance with ref. [12]
for the specific type of measuring system used. For Class 1

to avoid

shott-eireuiting LL” secondary-The-eireuitmeay primary variables, power measurements shall be corrdcted
be openg¢d whenever desired. for actual voltage transf tio and for phaseAanel
ge transformer ratio and for phase-angle
] errors in accordance with the procedures of ref, {18].
4-7.5.2 Current Transformers. Current transform- The error for each phase is corrected byrapplying cali-
ers are ysed when measuring current in a given phase.  pration data from the transformers and ¥hie power njeter
Current [transformers serve to convert line or primary < ¢ollows:
current [typically very high) to lower or secondary
metering current. For this reason, secondary current PW =SW X VTR X CTR X MICE"X VTRCE. X CTRCE
measurefnent shall be multiplied by the appropriate ‘ % PACE. X VAVDC ‘ @l77)
ratio to dalculate the primary current. ‘
Currept transformers are available in several meter-  (yhere
ing accyracy classes. For the measurement of Class 1 CTR = current transformer marked ratio
or Class|2 primary variables, 0.3% or better accuracy CTRCF. = current transformer ratio correction factor
class (nfetering-type) current transformers shall be fjom calibration data (if applicable)
used. Fpr primary variable measurements, current MCF = meter correction factor from calibrdtion
transformers should be calibrated for turns ratio and data (if applicable)
phase anjgle at zero external burden (0 VA) and at least PACE.~" = phase-angle correction factor from fali-
one burdlen that exceeds the maximum expected dur- bration data
ing the tst at 10% and 100% of rated primary current. PW._ = corrected primary power
Accuracly test results may be used from factory-type SW = measured secondary power
(design)| tests in the determination of turns-ratio and VTR = voltage transformer marked ratio
phase-angle correction factors. Type tests are coms VTRCF. = voltage transformer ratio correction| fac-
monly performed on at least one transformer of.each tor from calibration data
design group that may have a different charagctetistic VIVDC = voltage transformer voltage dirop
in a spefific test. Current transformers shall be oper- correction
ated within their rated burden range during the test The meter correction factor (MCF) is determfned
and shold be operated near 100% ofxated current to  from calibration data. Each phase of the meter shuld
minimize instrument error. be calibrated as a function of secondary current.|The
Near the rated current outpufs, ratio and phase-an-  process should be done at a minimum of two differ-
gle corrgction factors for current-transformers may be  ont secondary voltages and at two different power]fac-
neglectefl due to their minimal impact on measurement  tors. The actual MCF at test conditions may thep be
uncertaipity; however, if the\ratio or phase-angle correc- interpolated.
tion factr is expected.toiexceed 0.02% at actual test con- The phase-angle correction factor for each phase
ditions, gctual correction factors should be applied. (PACF ) accounts for the phase shift that occurs i} the
In usihg currefit’transformers, care should be taken  yoltage transformer, v, current transformer, B, and the
never to ppen the:sécondary circuit while current is in the power meter, a. The phase shifts of each transfojmer
primary|winding because of the dangerously high volt-  could have an offsetting effect. For example, if the|cur-
age that[mady be developed and the excessive tempera- rent transformer shifts the cuirrent waveform to the ight

ture rise that may ultimately take place due to high losses
in the transformer. Also, current transformer cores may
be permanently magnetized by inadvertent operation
with the secondary circuit opened, resulting in a change
in the ratio and phase-angle characteristics. If magneti-
zation is suspected, the transformer should be removed
as described in ref. [12], under “Nature of Deviations
from Nominal Ratio in Current Transformers.” When it
is necessary to open the secondary circuit while current
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and the voltage transformer shifts the voltage waveform
in the same direction, the power meter output is not
affected by a phase shift. Each of the phase shifts should
be determined from calibration data.

:cos(@—a+B—y):cos(G—a+B—y)

PACE,
¢ cos(6) PF

(4-7-2)
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where
a = shift in the power meter phase angle
B = shift in the current transformer phase angle
6 = arccos (power factor)

vy = shift in the voltage transformer phase angle

4-7.7 Excitation-Power Electrical Measurement

If the measurement of the excitation power is required,

or by the power delivered by the component, in which
case a motor efficiency shall be applied to the consumed
power. Intermediate- and low-voltage motors are often
used for driving small pumps, cooling fans, and ancil-
lary equipment. For electric motors with constant speed
drives, test measurements of the input power are made,
and the output power is computed by multiplying input
power by motor efficiency, provided the total measure-
ment uncertainty meets the requirements of para. 4-1.2.

the power supplied to the exciter may be determined by
the following two methods:

(a) Derivation from Breaker Currents. Excitation power
can pe calculated from the current and voltage input to
the ¢xciter power transformer or breaker. Since this is a
meapure of the actual power, which comes off of the main
gendrator bus, this is the preferred method of determin-
ing ¢xciter power. The calculation is done as follows:

ExcLoss = M (4-7-3)
1,000
whefre
1,900 = conversion factor from watts to kW
A = average phase field current, amps, meas-
ured value

EjxcLoss = exciter power, kW

= power factor, measured or calculated value
1% = average field voltage (volts), measured
value

(b) Derivation From Field Voltage and Current. Power
suppplied to the exciter can also be estimated by calctlat-
ing the power output by the exciter and by corteeting for
an apsumed AC-to-DC conversion efficiency»The calcu-
latign is done as follows:

=3
!

FV X E€

(4-7-4)
1,000 XACDC

ExcLoss =
whefre
1,000 = conversion factor from watts to kW

ACDC = AC-to-DC conversion efficiency factor
(typically 0.975), assumed value

ExcLoss = éxciter power, kW
FC =field current, DC amps, measured value
FV)= field voltage, DC volts, measured value

When—readings—are—taken—at-atoad—eenterdocated a
substantial distance from the motors, correctign to the
delivered power should be made by compufation of
voltage drop between the load center and'motdr.

4-8.2 Required Uncertainty

The required uncertainty dépends on the type ¢f param-
eters and variables being nieasured. Refer to pargs. 4-1.2.2
and 4-1.2.3 for discussiens.dbout measurement dlassifica-
tion and instrumentation categorization, respectjvely.

Class 1 primary\parameters and variables|shall be
measured with(0:1% or better accuracy class power
metering, 0.3% or better accuracy class (metering-type)
current transformers, and 0.3% or better accurpcy class
(metering-type) voltage transformers.

Class 2 primary parameters and variable§ should
be;measured with 0.5% or better accuracy clags power
metering, 0.3% or better accuracy class (metering-type)
current transformers, and 0.3% or better accurpcy class
(metering-type) voltage transformers.

Secondary parameters and variables can be njeasured
with any type of power measurement device.

4-8.3 Power Measurement Equipment

The preferred instrument for determining power is
a calibrated wattmeter. In some installations, ifpcluding
applications using more than 600 V, panel reqdings of
bus voltage and motor amperage may be used.

4-8.4 Calculations

The unit for measuring the electrical horsepower (HP)
input to a motor is the watt (W). For direct currept, this is
the product of the volts, E, and the amperes, I, measured
at the motor terminals and is represented as W|= EI.

Since 746 W are equivalent to 1 HP, the fpllowing
formula represents the above relationship (see Table
4-84-1):

4-8 INTERMEDIATE- AND LOW-VOLTAGE
ELECTRICAL MEASUREMENT

4-8.1 Introduction

Auxiliary power consumption measurements are an
important part of many inlet air-conditioning components
addressed in this Test Code. Performance measurements
can be made based on either the power delivered to the
component as measured by the electrical consumption

EI
Input HP = —

4-7-5
746 ( )

Refer to Table 4-8.4-2 for properties of conductors
(with special reference to Table 4-8.4-3).
4-8.5 Measurement of Variable Frequency Drives

Some cooling components (e.g., foggers) may use
electric motors with pulse width modulated variable
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Table 4-8.4-1 Electrical Horsepower

For alternating current systems, using the symbols
W = watts, E = average volts between terminals,
| = average line current, and pf = power factor
expressed as a decimal fraction. The formulas
shown at right apply for input horsepower.

Single phase Hp = & Pf
ingle phase HP =
gep 746
2EIX pf
< Two phase HP = P
746
3 X ElI X pf
Three phase HP=\/—7p
746

To obtain fan driver output horsepower, multiply by
the proper motor efficiency as follows:

VB X El X pf X7,

Three phase output HP =
746

frequendy drives (VFDs) to control water flow supplied
to the unit. For motors with VFDs, the VFD should be
put in bypass mode if possible for the duration of the
test. Whien the VFD is bypassed, the power measure-
ment is fidentical to that for a standard electric motor
with a cpnstant speed shaft. When in service, both the
motor efficiency and motor shaft speed are typically
reduced [through the use of a VFD.

If the VFD does not have a bypass or if the test must
be condficted with the VFD in service, one of the fol-
lowing gpproaches shall be taken for the evaluation of
the motgr power:

(1) Some VFDs are equipped with a display of power
deliverefl to the motor. The pretest uncertainty analysis
should lpe used to confirm that the provided reading
is accurgte enough to comply with Code uncertainty
requireﬂ\ents. Speed controller displays “typically
are accurate enough for the evaluation‘ef the motor
power.

(b) THe power on the line side of the VFD shall be
measurefd. The VFD manufacturér’s ‘guaranteed voltage
drop acrpss the unit shall be used to calculate the power
input info the motor shaft. {{he motor efficiency shall be
evaluated at the reduced)power loading.

(c) THe fan-motor(power shall be measured with a
true RM$ wattmeter-on the load side of the VFD, and the
motor efficiency,shall be evaluated at the reduced power
loading. [The-wattmeter must have a sampling frequency
that is at least twice the highest frequency component in

width modulat1on dnves can range > from 2 kHz to 15 kHz
A low-pass filter should be connected between the meas-
urement location (e.g., switch gear) and the meter. The
cutoff frequency of the low-pass filter should correspond
to the sampling frequency of the digital meter.

The use of a VFD lowers the motor output efficiency.
The motor manufacturer should provide data for the
expected motor efficiency at the reduced speed to be
used for the calculations.

Reprinted by permission of the Cooling Towers Institute.
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4-9 DROPLET CARRYOVERAND DROPLET SIZE
4-9.1 Introduction

This subsection pfesents guidance for evaluating|and
quantifying liquid{droplets that are generated due t
operation of the.gas turbine inlet air-conditioning ed
ment. Liquid ‘droplets that escape Plane 2 are subje

unpactlon or hotwire measurements are not part of
Code and are covered in Nonmandatory Appendix B
the terms “drops,” “droplets,” “aerosols,” and “
are used. In the following, all liquid particles, irre
tive of their size, will be called “droplets.” This sulf

tion presents requirements and guidance regarding the

just
upstream of the inlet bell mouth, Vlsual observatlon of
water droplets in the air stream is considered to be the
most practical method to assess water carryover at this
plane. Invasive methods may impose safety risks.

This Code does not define acceptable levels of water
carryover, but provides a method based on observation
to assess water carryover. Users should seek recommen-
dations from the gas turbine OEM, fogging system manu-
facturers, and gas turbine user groups since compressor
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Table 4-8.4-2 Properties of Conductors

DC Resistance.
ohms/m at 25°C (ohms/ft at 77°F)

[Note (1)]
Concentric Lay Stranded Aluminum
Conductors Bare Conductors Copper [Note (4)]
Diameter of
Area, Cir. Number of  Each Wire, Area Tin’d. Cond.
Sizd AWG MCM mils Wires in. Diameter, in. [Note (2)],in.2  Bare Cond. [Note (3)]
18 1620 Solid 0.0403 0.0403 0.0013 6.51 6.79 10y
16 2580 Solid 0.0508 0.0508 0.0020 4.10 4.26 6J2
14 4110 Solid 0.0641 0.0641 0.0032 2.57 2.68 4.p2
12 6530 Solid 0.0808 0.0808 0.0051 1.62 168 26
10 10380 Solid 0.1019 0.1019 0.0081 1.018 106 1p7
8 16510 Solid 0.1285 0.1285 0.0130 0.6404 0.659 15
6 26240 7 0.0612 0.184 0.027 0.410 0.427 0p74
4 41740 7 0.0772 0.232 0.042 0.259 0.269 0J24
3 52620 7 0.0867 0.260 0.053 0,205 0.213 0.336
2 66360 7 0.0974 0.292 0.067 0.:62 0.169 0.p66
1 83690 19 0.0664 0.332 0.087 0.129 0.134 0p11
0 105600 19 0.0745 0.372 0.109 0.102 0.106 0Jl68
00 133100 19 0.0837 0.418 0.137 0.0811 0.0843 0133
000 167800 19 0.0940 0.470 0.1%73 0.0642 0.0668 0.JL05
0000 211600 19 0.1055 0.528 0.219 0.0509 0.0525 0836
250 250000 37 0.0822 0.575 0.260 0.0431 0.0449 00708
300 300000 37 0.0900 0.630 0.315 0.0360 0.0374 00590
350 350000 37 0.0973 0.681 0.364 0.0308 0.0320 00505
400 400000 37 0.1040 0728 0.416 0.0270 0.0578 0.p442
500 500000 37 0.1162 0.813 0.519 0.0216 0.0222 00354
600 600000 61 0.0992 0.893 0.626 0.0180 0.0187 0J0295
700 700000 61 0.1071 0.964 0.730 0.0154 0.0159 040253
750 750000 61 0.1109 0.998 0.782 0.0144 0.0148 040236
800 800000 61 0.1145 1.030 0.833 0.0135 0.0139 0J0221
900 900000 61 0.1215 1.090 0.933 0.0120 0.0123 0J0197
1000 1000000 61 0.1280 1.150 1.039 0.0108 0.0111 opL77
1250 1250000 91 0.1172 1.289 1.305 0.00863 .00888 0142
1300 1500000 A 0.1284 1.410 1.561 0.00719 .00740 0118
1750 1750000 127 0.1174 1.526 1.829 0.00616 .00634 0101
2000 2000000 127 0.1255 1.630 2.087 0.00529 .00555 000885
Repfinted by permission ef the Cooling Towers Institute.
GENJERAL NOTES:
(@) The values givemare taken from ref. [14 A]. The table as constructed is taken from ref. [14 B].
NOTES:
(1) The resistance values are applicable only to direct current. When conductors larger than No. 4/0 are used with alternating current}the
ultiplying factors in Table 4-8.4-3 should be used to compensate for skin effect.

(2) Area given Is that of a circle having a diameter equal to the overall diameter of a stranded conductor.
(3) The values given are taken from ref. [15].
(4) The values given are taken from refs. [16] and [17].
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Table 4-8.4-3 Multiplying Factors for Converting DC Resistance to 60-Hz
AC Resistance

Multiplying Factor

For Nonmetallic Sheathed Cables For Metallic Sheathed Cables or

in Air or Nonmetallic Conduit All Cables in Metallic Raceways
Size Copper Aluminum Copper Aluminum
3 1. 1. 1. 1.

Up to 1 AWG 1. 1. 1.01 1.00
0 1.001 1.000 1.02 1.00
00 1.001 1.001 1.03 1.00
000 1.002 1.001 1.04 1.01
0000 1.004 1.002 1.05 1.01
250 MCM 1.005 1.002 1.06 1.02
300 MCM 1.006 1.003 1.07 1702
350 MCM 1.009 1.004 1.08 1.03
400 MCM 1.011 1.005 1.10 1.04
500 MCM 1.018 1.007 1.13 1.06
600 MCM 1.025 1.010 1.16 1.08
700 MCM 1.034 1.013 1.19 1.11
750 MCM 1.039 1.015 121 1.12
800 MCM 1.044 1.017 1.22 1.14
1000 MCM 1.067 1.026 1.30 1.19
1250 MCM 1.102 1.040 1.41 1.27
1500 MCM 1.142 1.058 1.53 1.36
1750 MCM 1.185 1,079 1.67 1.46
2000 MCM 1.233 15100 1.82 1.56

Reprinted by permission of the Cooling Towers Institute.

GENERAL NOTE: The procedure is as follows:
(a) Read DC resistance from Table 4-8.4-2 and multiplying factor from Table 4-8.4-3.

X f

(b) Compute AC resistance in kohms: QAC=8DPC/1,000' X 1000

(c) Compute kilowatt loss:

Single phase: kW loss = /? R/1,000!

Two phase: kW loss = 2/2 R/1,000

Three phase: kW loss = 3/2R/4;000
(d) Compute net kW inputto motor:

Net kW input to moter=kW measured — kW loss
(e) Compute motor BHP:

(Net’kW input to motor)(Motor 7)
0.746

Motor BHP =
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blade coatings and blade tolerance to erosion vary
widely among gas turbines.

4-9.2 Required Uncertainty

Techniques shall be developed to assure accurate
evaluation. The uncertainty of the water-droplet evalu-
ation shall consider effects including, but not limited to,

Additional view ports are recommended just down-
stream of the fogging spray nozzle arrays if the region
of duct where they are installed is not accessible during
gas turbine operation, and also on the downstream side
of any inlet duct obstructions such as silencing panels,
structural members, or trash screens where droplets
may coalesce and shed back into the air stream as much

e . e . larger droplets.
temperature distribution, relative humidity, air velocity, The inlet view ports should have a viewing area of no
and droplet-size distribution. L e A D mg ., 5
tesstharédem—9-54m

F(

ur possible sources of error are

oversaturation or flooding of view ports
nonrepresentative view-port locations (water carry-
tends to be concentrated in specific locations)

poor lighting

droplet distribution outside of the visual range

ovel

4-9.B Visual Observations

Visual observations are a simple method to make qual-
itatiye observations about the presence, relative size, and
relafive quantity of water droplets downstream of Plane
2. With well-placed view ports and good illumination,
a fafr amount of information can be obtained without
accepsing the plenum or ducts.

49.3.1 Calibration.
calihrated.

Visual observations cannot be

4-9.3.2 Conduct. Visualobservations for water carryo-
ver ghould be made at 5 min intervals during the perforth-
ancq test run. For fogging systems, additional evaluations
for Water carryover should be made when ambient ¢ondi-
tiong require the system to be operated at reduced cool-
ing levels. Water carryover is more likely to occur due to
stratification of moisture in the inlet air as fewer fogging
sprj:r nozzle arrays are operated, incteasing droplet evap-
oratjon times. Another indicationrof-water carryover is the
draipage of water from the duetwork. If possible, the flow
rate jof drain water from the 'dtict should be monitored.
The [flow rate from the draitr'should be documented over
a period of time when the system is operating at steady
statq. There is a deldyeharacteristic of the system between
the fime when the droplets coalesce and when they reach
the gutlet of the\drain. This data should be used for infor-
matjonal purposes only.

49.3.3 View Ports. View ports, if not already avail-

for the design pressure of the inlet duct, which'is, generally

negative, but should also be capable of withstanding posi-

tive pressure loadings associated with compressoy surge.
Safe accessibility to the view ports.during turpine and

yeach—Fheview-ports ohu‘[‘ berated

fogging system operation should be consider¢d when
selecting view-port locations,
4-9.3.4 Duct Illumination. A strong and |uniform

light source shall be/used to illuminate the inlet mani-
fold and bell mouthyregion so that the conditign of the
flow stream can bje detected.

4-9.4 Visual Classification of Water Carryover

Visual observations of water carryover shoyld be to
classified as follows:

fg) dry — no signs of droplets or puddling vater.

(b) light fog — occasional to steady but ligh{ streams
of fog or droplets. Some wetting of the inlet bell mouth,
inner cylinder, or nose cone and struts is visiblp (trickle
of water may be flowing from the inlet manifolfl drain).

(c) heavy fog — steady stream of fog with|a dense
grey appearance is visible entering the compressor.
More than 50% of the inlet bell mouth, inner [cylinder
or nose cone, and struts are wet. Some droplet may be
observed being shed from inlet struts. A slow an{d steady
stream of water may be flowing from the inlet.

(d) light rain — droplets are visible impactirlg on the
bell mouth, struts, and inner cylinder or nose cpne, and
these components shall be mostly wetted. These drop-
lets do not follow the air stream into the inlefl like the
fog. Water flow rates from the manifold drainl may be
equal to 1% to 2% of the system flow rate.

(e) heavy rain — large droplets are visible ithpacting
the bell mouth, inner cylinder or nose cone, ar|d struts.
These droplets have the appearance of those|encoun-
tered during a thunderstorm where droplet im}l)act may

able in the inlet manifold, should be added to enable
visual observations across the inlet air stream through
the inlet struts, inlet guide vanes, and into the first
stage of rotating blades. The preferred location is on the
upstream side of the center shaft and should have at
least a 120-deg view of the compressor inlet. Two view
ports are recommended so that one can be used for mak-
ing the visual observations and the second can be used
for illuminating the inlet to avoid the glare that would
restrict visual observation through a single-view port.
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taveawhite appeararce as thre dluplclb Tebodnd from
metal surfaces. Flow rates from the inlet manifold drain
shall also be increased and steady.

4-10 DATA COLLECTION AND HANDLING
4-10.1 Introduction

This subsection presents requirements and guidance
regarding the acquisition and handling of test data. Also
presented are the fundamental elements that are essential
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to the makeup of an overall data acquisition and handling
system.

This Code recognizes that technologies and methods in
data acquisition and handling shall continue to change
and improve over time. If new technologies and meth-
ods become available and are shown to meet the required
standards stated within this Code, they may be used.

4-10.2 Data Acquisition Systems

system is operating properly. Documentation on the
setup, programming, channel lists, signal-conditioning,
and operational accuracies, and lists of the equipment
making up the automated system should be prepared
and supplied in the test report.

4-10.3 Data Management

4-10.3.1 Automated Collected Data. All automated
collected data should be recorded in appropriate engi-

4-10.2.1 Data Acquisition Systems. The purpose of
a data adquisition system is to collect data and store it in
a form spiitable for processing or presentation. Systems
may be #s simple as a person manually recording data

and stor{ng the data within the requirements of the test
and alloyable uncertainty set by this Code.

4-10.2.2 Manual System. In some cases, it may be
necessary or advantageous to record data manually. It
should be recognized that this type of system introduces
additionfl uncertainty in the form of human error that
should Be accounted for accordingly. Further, manual
systems may require longer periods of time or additional
personngl for a sufficient number of samples to be taken
due to the limited sampling rate. Care shall be taken with
the selection of the test-period duration to allow for the
manual fethods to have sufficient number of samples
to coincifle with the requirements of the test. Data collecy
tion shedts should be prepared prior to the test. Thedata
sheets should identify the test-site Jokcation,
e, and type of data collected. The dat4 collection
sheets slould also delineate the sampling, time required
for the mjeasurements. Careful recordingofithe collection
times with the data collected should be.performed using
a digital stopwatch or other sufficienttiming device. The
recording of data on the original-data sheets shall be done
clearly gnd permanently. Data-from the original data
sheets sHall not be transcribed If it becomes necessary to
edit data| sheets during the-testing, all edits shall be made
using ink, and all errors shall be marked through with a
single linfe and initialed and dated by the editor.

4-10.
collection a_grea a X
Automated systems are beneficial in that they allow for
the collection of data from multiple sources at high fre-
quencies while recording the time interval with an inter-
nal digital clock. Rapid sampling rates serve to reduce
test uncertainty and test duration. These systems can
consist of a centralized processing unit or distributed
processing to multiple locations in the plant.

Automated data acquisition systems shall be func-
tionally checked after installation. As a minimum, a
pretest data run should be performed to verify that the

3_Automated Automated

System. data
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neering units and provided in electronic format tq the
official test parties immediately at the conclusioh of
the tests. After rigorous review of the data/faulty data
readings or failed instruments may be removed from
the instrument averages used to calculdte performpnce
parameters. All such corrections td_the data shall be
documented in the final test report> Distribution of the
data in engineering units at the ‘conclusion of the| test
limits the chance of such data’being accidentally [lost,
damaged, or modified. At-the conclusion of the test, all

test parties should receive any available corrected data
or calculated resultsfrom the test.
4-10.3.2 Manually Collected Data. All manually] col-

lected data.recorded on data collection sheets shall be
reviewed\for completeness and correctness. Immedigtely
after the test and prior to leaving the test site, photocop-
ies:0f the data collection sheets should be made and|dis-
teibuted between the parties of the test to eliminat¢ the
chance of such data being accidentally lost, damagefl, or
modified.

4-10.3.3 Data Calculation Systems. The data cdlcu-
lation system should have the capability to average pach
input collected during the test and calculate the test repults
based on the average values. The system should alsq cal-
culate the standard deviation and coefficient of varipnce
of each instrument. The system should have the ability to
locate and eliminate spurious data from being used i the
calculation of the average. The system should also havp the
ability to plot the test data and each instrument reading
over time to look for trends and outlying data.

4-10.4 Data Acquisition System Selection

4-10.4.1 Data Acquisition System Requiremg
Prior to selection of a data acquisition system, it is n¢ces-
3 in pla ictates the
requirements of the system. The test procedure should
clearly dictate the type of measurements to be made,
number of data points needed, the length of the test, the
number of samples required, and the frequency of data
collection to meet the allowable test uncertainty set by
this Code. This information shall serve as a guide in the
selection of equipment and system design.
Each measurement loop should be designed with the
ability to be loop calibrated and located where it can be
checked for continuity and power supply problems. To
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prevent signal degradation due to noise, each instru-
ment cable should be designed with a shield around the
conductor, and the shield should be grounded on one
end to drain any stray induced currents.

4-10.4.2 Temporary Automated Data Acquisition
System. This Code encourages the usage of temporary
automated data acquisition systems for testing purposes.
These systems can be carefully cahbrated and thelr
proge C c
tran >ported to the testmg area, thus prov1d1ng traceabll-
ity gnd control of the complete system. The temporary
setup limits the instruments” exposure to the elements
and |avoids problems associated with construction and
ordihary plant maintenance.

Sife layout and ambient conditions shall be considered
wheh determining the type and application of tempo-
rary|systems. Instruments and cabling shall be selected
to withstand or minimize the impact of any stresses,
intefference, or ambient conditions to which they may be
expgsed.

4-10.4.3 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. Caution should be applied with the
use of these systems for performance testing by recog-
nizing the limitations and restrictions of these systems.

Most distributed plant control systems apply threshold
or dead band restraints on data 51gr1als This results in data

meter that
exceeds a set threshold value All threshold valuep shall be
set low enough so that all data signals sentto'thf distrib-

uted control system during a test are reponted angl stored.
Most plant systems do not cal¢ulate flow [rates in
accordance with this Code, but rathet by simplified rela-
tionships. This includes, for example, a constant discharge
coefficient or even expansiondactor. A plant-sysfem indi-
cation of flow rate is notto/be used in the exegution of
this Code, unless thefundamental input paramjeters are
also logged and the¢alculated flow is confirmed to be in
accordance with this Code and ASME PTC 19.5.
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Section 5
Computation of Results

roduction

ode provides procedures for the calculation of

ts, and for the correction of the results to base
conditions as a measure of gas turbine inlet

tioning system performance. Performance var-

hrameters, and test boundaries are described in

n 5-1. Each type of inlet air-conditioning sys-

nique. Section 5 is divided into the following

bl subsections:

Common Parameters and Variables

(General Correction Methodology

[nlet Cooling Using Evaporative Media

[nlet Cooling Using Fogging

[nlet Cooling Using Chillers (Multiple

Arrangements)

[nlet Heating Using Closed-Loop Heating Systems

Coils)

[nlet Heating Using Open-Loop Heating Systems

Compressor Bleed)

5e of Primary Parameters

rdance with para. 4-1.2.2, only the datajidenti-
Fimary parameters are used in the calculation of
hnce variables.

5-1.3 Review of Test Data

Prior

o use in these calculatiens, test data shall be

reviewedl for outliers in accordance with subsection 3-5.

The rem
tions, w{

5-1.4 U

Wherd
test bou

hining data points shall be adjusted for calibra-
ter legs, zero réadings, and ambient effects.

5e of Bulk Average Value

an afray of measurements is taken for a given
hdary/plane, the parameter used in the calcu-

lations

hall be the bulk ax erage value calculated as

The following calculations refer to plane.nw
based on the specific technology under testi A ge
system boundary diagram, Fig. 5-2-1, is, provide
identify the expected boundaries that Will be enc
tered for an ASME PTC 51 test. Syster-specific fig
are included in the applicable stibsections later in
Section.

5-2.1 Inlet Conditions

Inlet conditions arg.dry-bulb temperature, T ,;;
ometric pressure, p,_..; and relative humidity,
or wet-bulb _témperature, T ;, at Plane 1 as sh
in the generiCc system boundary diagram, Fig. 5
Measurement frequency and locations shall be suffi
to account for stratification of incoming air condit
whichmay be caused by equipment, vents, or bof
close proximity. The number of locations and frequ
0f measurements required shall follow the guid
provided in Section 4, and be determined by the pr
uncertainty analysis.

5-2.2 Specific Humidity

Specific humidity at any test plane can be deter
from psychrometric charts or ASHRAE formula
given dry-bulb temperature, barometric pressure,
wet-bulb temperature or relative humidity.

5-2.3 Flow-Weighted Averages

Flow-weighted average properties properly repre
the mass and energy flows through the inlet air-cq
tioning system. Even though variations in inlet air p
erties are normally small enough to allow arithn
averaging of the measurements alone, a method is
sented here to account for cases in which flow prope

bers
eric
H to
bun-
ures
this

bar-
RH,,
bwn
-2-1.
ient
ons,
h in
bncy
hnce
btest

ned
ions
and

sent
ndi-
rop-
hetic
pre-
rties

require mass and/or volume weighting to accou

for

described later in this Section.

5-1.5 Use of Correction Parameters

If a correction parameter or variable does not influ-
ence the correction result by +0.05%, then it may be
neglected in the determination of the primary corrected
parameter.
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stratification.

NOTE: The following nomenclature applies to eq. (5-2-1) thri
eq. (5-2-7):

‘//j = yaw angle at point j, deg

#; = pitch angle at point j, deg

w; = weighting factor, ratio

v, = point velocity, m/s (ft/sec)

ough
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Fig. 5-2-1 Generic Test Boundary Diagram

Plane 5, bell mouth

Ap Taps
Test boundary DPus
Y N Y Pa5 (Taps: @2, Pps)
N i
NN \
Plane 1 / N\ Plane 2 e
inlet air N air to gas turbine =
S —_—t>
Tdb'l / ii\ T . ke
RN wi
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Tapr | N D,
€b1 A A ¢ (constant)
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mg (qy)

GENE
(@M
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RAL NOTES:
pasured variables are shown in italics.

lculated variables are shown in bold (these are calculated fromismeasured variables).

5-2.3.4 Average Specific Kinetic Energy, k| /kg (Btu/lbm)

5{.3.1 Average Static Pressure, kPa (psi)
Z (pst,].vjw]. costlfjcos¢]-) 2 (p]-U? cos3¢jcos3¢j)
Pate =25 (5-2-1) e —— (5-2-4)
2 (vjwj coschosd),) 2 (Pj?}/w; COS¢;COS¢j)ch1
j= j=1
where
5{.3.2 AverageDensity, kg/m? (lb/ft’) € ave — Hlow-weighted average specific kinefic
- energy
Y (0w, cosi coseh) K, = ?;’;gle;;l?tr}l;?;l;ttam, 1000 N-m/k]
_ = . u)
Proe= " (5-2-2)
2 (vfwj cosdzicosqs,.) 5-2.3.5 Kinetic Energy Correction Factor
=1
_ 2g6p2ekA2
5-2.3.3 Average Temperature, °C (°F) Ko (5-2-5)
n Where
Z(T] v, coszl/jcosqb].) A = area, m? (ft?)
T, =2 (5-2-3) K, = conversion constant, 1 J/N-m (7.716 X 1078

D (pjvjwi cos%cos@)

=1

hr2/sec?)
m = mass flow rate, kg/s (Ibm/hr)
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5-2.3.6 Average Velocity Pressure

density, a calculated value for air mass flow rate can be
determined. See Section 4 for more information on this

Powe = P€ - K, (5-2-6) measurement technique.
where When the flow rate of the fluid (air, exhaust gases,
K, = conversion constant, 1 kPa-m3/k] etc.) is determined by velocity traverse, the mass flow
2 (12,0572 psi-ft3/Bt1’1) rate is obtained using eq. (5-2-9) [18], with weighting
A factor added]:
5-2.3.7 Average Total Pressure, kPa (psia) n 1
m=ym = A-Cl-—- 2(”1” W, cos; cos¢>) (5-2-9)
Piave — Pstave + Poave T Pharo (5-2-7) = T

NOTE: If p; e
to be inclyded in this equation.

is already in absolute pressure, p, ., does not need

5-2.4 Offset of the Compressor Inlet Dry-Bulb
Tgmperature for Use in Temperature Differential
C3lculations

Beforq initiating the system test, any offsets in down-
stream femperature due to influences other than the
inlet airfconditioning system shall be determined. This
is accomplished by comparing the temperature readings
at Plane$ 1 and 2 with the gas turbine running and no
inlet air-fonditioning equipment in operation such that
the dowfstream temperature reading is being impacted
while taking the T, measurements.

If the |offset, AT,_, (with inlet air-conditioning sys-
tem out [of service), is greater than 0.5°C (1°F), sources
of this difference shall be identified prior to testing. If
the sourges of this difference are external to the inlet air-
conditioping equipment and cannot be removed dur-
ing testig, this differential shall be accounted for when
determining equipment performance by substituting
T fqr T in applicable correction caleulations,

db2,adj db2,1.rneas ! .
and the following equation applies:

Tdb2,adj =Ty, + AT, (5-2-8)
where
T,, |= measured dry-bulb-temperature (Plane 2)
T aa] = Plane 2 dry-bulb temperature adjusted for
measured temperature offset
AT, _,| = Ty, — Tyfdetermined with inlet air-condi-

tioning equipment out of service)

As regards the’change in difference between the off-
set due fo change’in airflow (the effect due to airflow
being differént in the narrow range), it is small and can
be ignorg¢dyEnthalpy plays a more important role.

where
C1 = time conversion constant, 1 s/s (3,600-sec/lr)

= mass flow rate, kg/s (Ibm/hr)

= point velocity at point j, m/s (ft/sec)

= pitch angle at point j, deg

= yaw angle at point j, deg

= weighting factor at pgintj, ratio

IESTRSSG S

The weighting factor, wsis dependent upon thef tra-
versing method used..ASME PTC 19.5 recommg¢nds
using either the Gauss) Tchebycheff, or the log-lihear
traversing methodst_The weighting factors associhted
with these methdds are tabularized in ASME PTC [19.5.
For the equal’area traversing method, the weighting fac-
tor is equalto unity.

The peint velocity, v, of the airflow into or out of the
inlet dit-conditioning system is determined by using an
airflow measurement device as described in Sectipn 4
ofthis Code.

5-2.5.2 Mass Flow Rate by Equipment Energy Baldnce.
In this method, mass flow rate is calculated utilizing an
energy balance of the inlet air-conditioning system:

93—y = Gy_, + losses (5-2-10)

where

12 = 1~ 42

-4 = 43~ 4

q; = m; Xh
and

h, = f(p,T,c) (including o, if medium is air)

losses = 0 = radiative heat losses (assumed small

and not easily obtained)

5-2.5.3 Mass Flow Rate by Calibrated Flow Coeffigient
at the Bell Mouth. The inlet airﬂow (at Plane p of

5-2.5 Air Mass Flow Rate

Air mass flow rate entering the inlet air-conditioning
equipment (,) may be determined using any method
that meets uncertainty requirements, including the
following.

5-2.5.1 Mass Flow Rate by Velocity Traverse. This
method involves the use of a velocity traverse to measure
the air velocity directly. Using velocity profile and air

Hie 52 Hhcanbeenlerlated by-measurinstheatrprop-
erties at the inlet to the compressor bell mouth annulus
section. This method is an option for gas turbines that
have a calibrated bell mouth flow coefficient available.

This method may be used for other gas turbines as
well; however, the lack of a calibrated flow coefficient
will add additional uncertainty to the airflow calcula-
tion that must be considered for this method to be a
valid airflow calculation technique.

The calibrated bell mouth flow coefficient may be
obtained by means of a factory test (usually conducted
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by the equipment manufacturer), in which the actual w,; = specific humidity at Plane 5, kg /kg,.

airflow to the turbine is measured under laboratory con- (b, /lb,,)

ditions using flow-measurement devices in accordance 1 ©

with ASME PTC 19.5. The inlet air total temperature R= R, X% +R,, > (5-2-13)

and humidity, inlet air total pressure, and inlet air static 1+ o t s

pressure are also measured simultaneously during the 1.

factory test. o R, = 0.2870 k] /kg-K (dry air) (0.06855 Btu/Ibm-R)
The bell mouth flow coefficient is then calculated ”’ at Plane 5

by comparing the factory-measured airflow to the air- R, = 0.4615 k] /kg-K (water vapor)

flow wlfulutbd tsittg-the-method dwuﬂqu.d betow—Fhe = [0TT02 Btu/ I6m-K) at Plane 5

uncg¢rtainty of the calculated flow coefficient shall be w, = specific humidity at Plane 5, kg_ykg

spedified based on an uncertainty analysis of the factory > (b, /lb_ ) R a

test.| The basis for the bell mouth annulus area used in .4 wi Tda

the girflow calculation, and the measurement locations

of the inlet air conditions relative to the bell mouth of kel

the gas turbine shall also be specified as part of the bell M. = ( 2 j % ( P, ] ko 1 (5-2-14)

motth flow coefficient calibration report. 5 k-1 P
Tq maintain the validity of the calibrated flow coeffi-

cien} during subsequent calculations of the inlet airflow, where

it is|critical that the bell mouth annulus area specified
during the factory test is used for the calculations, and
the measurement locations for the inlet air properties
used in the calculations are consistent with the measure-
ment locations used during the factory test.

k = ratio of specific heats, C,/C,
p, = compressor bell mouth static pressure, kPa

(psia)
p, = comptessor inlet total pressure, kPa (psip)

Tq calculate the gas turbine inlet air mass flow rate .
fron} the calibrated flow coefficient, the following equa- Ba?;ﬁf:‘ Mfﬁzsinll:el to z‘ﬁr ﬂlt)avf]emzy bgas 1 Tulrl:n;e Fnergy
tionis used: ; Y be caictiated s o
energy balance of the gas turbine, following the meth-
[ k1 ] ods described in ASME PTC 22 (also requireg param-
n, + C-Ap-K . (gc X kj M, .[1 + [kl) . M;} >R eters to be acquired utilizing the methods des¢ribed in
JT R 2 ASME PTC 22).
21D 5-2.5.5 Mass Flow Rate by HRSG Energy Balance.
whepre The inlet airflow may be determined using af energy
Al = compressor bell mouth throat anuuilus area, m*  pajance of the heat recovery steam generator (HIRSG) to
(ft?) . determine gas turbine exhaust gas flow.
C{ = compressor bell mouthyStlow  coefficient, The inlet airflow at Plane 2 may then be cqlculated
nondimensional by mass balance around the gas turbine as thq gas tur-
g = gravitational constant, I'’kg-m/N-s? bine exhaust gas flow minus any injection floys (such
(32174 Tom-ft/ Ibf=sgc?) _ as fuel, water, steam, or air) between Plane 2{and the
K| = unit conversiq factor, 1 (12 in./ft) measurement plane. Methods described in AQME PTC
k| = ratio of sp.ec1f1c heats, C,/C,, defined below, 44 ghall be followed (also requires parametérs to be
nondimens{onal acquired utilizing the methods described ifi ASME
M, = compresser bell mouth throat Mach number, PTC 4.4).
defified below, nondimensional
mp = inlebairflow at Plane 2, kg/s (Iom/hr) - 5-2.5.6 Mass Flow Rate by Stack Exhaust| Compo-
pi| T ompressor inlet total pressure, kPa (psia) sition. In this method, measured excess o}ygen at
R|_= gas constant, defined below, k] /kg-K Hhe—trresdrarrststrekrrd—storeliometrieeomhbustion
(Btu/ lbm—R)' calculations are used to determine the inlet airflow at
T, = compressor inlet total temperature, K (R) Plane 2.
For moist air (assuming all water is in vapor form) The calculation uses an iterative process to solve
k= k. 1 P (5-2-12) for the inlet airflow based on the following measure-
" 1w, 7 1to, ments: specific humidity of the inlet air, water flow

where
k4, 5= 1.400 (dry air) (1.400) at Plane 5
k, s = 1.327 (water vapor) (1.329) at Plane 5
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added to or removed from the inlet air-conditioning
device, fuel flow, fuel chemical composition, injec-
tion fluid (for NOx control or power augmentation)
and exhaust gas oxygen and/or carbon dioxide
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concentration. Because this is an iterative process, it
is best to use a spreadsheet program for performing
these calculations to take advantage of circular calcu-
lation or goal seek tools.

The accuracy of the measurements of fuel flow,
fuel composition, and exhaust gas concentrations of
oxygen and/or carbon dioxide will have the greatest
effect on the calculated airflow, and measurement of
these parameters should be carefully reviewed and

The composition of moist air is

Element Percent by Weight of Moist Air
Wt% Ny, / (1 + @)

W% 0,/ (1 + o)

Nitrogen (N,)
Oxygen (0,)

Argon (Ar) Wt% Ardry/ 1+ w
Water (H,0) w/ 1+ w
Total 100%

evaluated—in—pretestand-posttest-uneertainty—analy
ses. The|readings of exhaust gas constituents such as
oxygen fare often available from continuous emission
monitorp located in the gas turbine exhaust stream.
Users of this method are required to evaluate the
stratificgtion of oxygen levels in the measurement
plane sipce exhaust gas oxygen and carbon dioxide
readingg can be stratified near the turbine exhaust or
in simplle cycle stacks. This is less of an issue in com-
bined cylcle applications where the emission probe is
installed downstream of the heat recovery steam gen-
erators, [which effectively mixes the exhaust gas and
reduces [stratification. The use of duct burners should
be avoided during the test, but if necessary their fuel
flow cai be included in the calculation, as long as
the imphct to uncertainty is included in the posttest
uncertainty analysis.

Envirgnmental Protection Agency test results from
initial plint commissioning or annual recertification test-
ing of ggs turbine emissions and continuous emissions
monitorjng (CEM) system should include an evalua-
tion of ojkygen content variation at the plane where the
emissior} probe is located [19]. This input can be used
as a basis for the sampling error if an exhaust. traverse
is not pdrformed during the ASME PTC 51 téstas long
as there {s no substantial change in operating.configura-
tion between the EPA test and the inlet.&ir:conditioning
system tgst.

5-2.5.6.1 Calculations. The ™ calculations begin
with an|estimated value of.compressor inlet air mass
flow ratq and calculation efiinlet air composition.

If the inlet air-conditioning equipment is increasir}g or
decreasing the specific humidity of the inlet airat thq exit
of the equipment (e.g., at the compressor inlet or Plane
2), it will be necessary to adjust the specific humi]dity
by further iterating on the calculations after the air-flow
estimate is calculated.

In those cases, specific humidity will become

0, = o+ (U m) (5-2-16)

The mass flow of the.air elements is next calculpted
by taking the producfof'mass flow of air and the wdight
percent of the element.

Pércent by Weight of Percent by Weight of
Mg ement Air Mass Flow Moist Air
my, m, X Wt% N, Wt% Ny, / (1 +{ )
Mo> m, X Wt% 0, Wt% 0,4, / (1 H @)
My, m, X Wt% Ar Wit% Ary, / (1 + @)
m, m, X Wt% H,0 w1+ w
Total 100%

Next, the fuel composition must calculated, breaking
it down to an elemental basis from the fuel analysis| For
example, methane, which has a composition of CH,} has
a carbon weight percent of 74.87% and hydrogen wdight
percent of 25.13%.

The complete analysis of the fuel is to be broken dpwn
into the following elements, noting that water can rethain
as a molecule since the conversion from elements back
to water can be easily handled:

m, = inftial estimate’ef compressor inlet air mass flow
(5-2-15) Fuel Element Percent by Weight in Fuel
The cqmposition of dry air is given as Carbon (O

Hydrogen (H.)
Element Vol% Wt% Sulfur (S)
Nitrogen (N,) 78.03 75.46 Nitrogen (N.)
Oxygen (0,) 20.99 23.19 Oxygen (0,)
Argon (Ar) 0.98 1.35 Water (H,0)

Total 100%

GENERAL NOTE: Values provided in this table are taken from ref. [20].

Moist air composition, on a weight percentage basis,
is then calculated based on the inlet specific humidity
measured during the performance test.

66

The mass flow of the fuel elements is calculated by
taking the product of the fuel elements and the meas-
ured mass flow rate of the fuel.
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Fuel Element Percent by Weight of Fuel Mass Flow Exhaust Gas Composition Percent by Weight of Exhaust Gas
Carbon (0) Oxygen (0,) Wt% O,sexy = Mo x| Mexh X 100
Hydrogen (H,) Carbon dioxide (CO,) Wt% CO,,op, = Megy / My, X 100
Sulfur (5) Water (H,0) Wt% H,0, . = Myppq [ My, X 100
Nitrogen (M) Sulfur dioxide (SO,) Wt% SO, = Meq, [ Mgy, X 100
Nitrogen (N.) Wt% Noyoy = My, [ My, X 100
Oxygen (0,) . 2 © N2rexh Nz/ exh
Argon (Ar] Wt% Ar,_, =m, [ m_. X 100
Water (HZO) exh Ar exh
Total 1009
Totql Verify = measured fuel flow
. . . This composition should be used td calcilate the
Iflan injection fluid such as water, steam, or nitrogen .
. . . .9 molecular weight of the exhaust gas.
are injected into the combustion system of for emission
1 . hat fluid hould . (100 X W% of exhaust molecule)
control or power augmentation, that tluid stream shou Mole weight of exhaust gas = -
be akcounted for as well. (mole Weight of exhaust nolecule)
(5-2-17)
Injegtion Element Percent by Weight of Fuel Mass Flow
Nitrgen (N,) Volume percent is ealculated from the knowh weight
percent of the indiwidual molecules and the npolecular
Stedm or water (H,0) R
— weight of the exhaust gas.
NEpxt, the oxidation of combustible materials is calcu- Exhaust Gas
latedl converting carbon to carbon dioxide, hydrogen to Composition Percent by Volume of Exhaugt Gas
watgr, and so on. Oxygen(0,) Vol% 0, = Wt%0,,, / 31.998% X mole
weight of exhaust gas
o ) Calculated Mass of aon dioxide (CO,)  Vol% CO,,, = Wt% CO,,,, / 44.0098 X
Fue| Element Oxidation Reaction Oxidized Molecule mole weight of exhaust gas
Carfjon (O C+0,=Co, Megy= 3.6641 X m. Water (H,0) Vol% H,0,,, = Wt% H2Qexh /18.9152 X
HydJogen 4H+0,=2H,0  myy,=8.9370 X m) mole weight of exaust gas
H, Sulfur dioxide Vol% SO, = Wt% SO,,,,, / 64.0588 X
sultir 9) S+0,=50, My, = 1.9981 X mg (50, mole weight of exhaust gas
_ Nitrogen (N,) Vol% N, = Wt% N, , / 28.013fs X mole
Oxygen Moy TMeox T Mizo + weight exhaust gas
c¢nsumed Mgy, —
@, (m +m,, + my) Argon (Ar) Vol% Ar,,, = Wt% Ar,, / 39.948 K mole
weight of exhaust gps
Tlhe composition of the exhauist)gas on a mass basis is Total 100%
then| calculated by combining the air, fuel, and injection
flows as follows: The final required correction, prior to iterpting on
the inlet airflow and inlet air specific humidjty, is to
Exhgust Gas Composition Calculated Mass Flow convert the oxygen and carbon dioxide valpies to a
dry basis for comparison to the exhaust gas rheasure-
Oxygen (0,) Mo2.a = Mo2,cons ment values. Conversion to dry values is cdlculated
Carfjon dioxid€ ACO,) Meoy as follows:
Watpr (H0) M0, TMua0inj T Mio,0x )
Sulflir Goxide (S0,) Meo, dry %Vol = moist %Vol / [1 — (Vol% H,O / 1p0)]
(5-2-18)

Nitrogen (N,)
Argon (Ar)

Total mass flow

Myz.a + My

mAr,a
m,,, = Sum of above cells

This mass analysis is then used to calculate weight

perc

ent of the exhaust gas composition.
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Exhaust Gas
Composition

Conversion to Dry Values by Percent
Volume of Exhaust Gas

Oxygen (0,)
Carbon dioxide (CO,)

Vol% 0, / [1 — (Vol% H,0/100)]
Vol% €O, / [1 — (Vol% H,0/100)]
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5-2.5.7 Mass Flow Rate of Dry Air. The mass flow
rate of dry air crossing a plane can be calculated from
the total mass flow and the specific humidity at that
plane, as follows:

5-2.7.2 Thermal Auxiliary Consumption. Thermal
energy consumption of the equipment, if available, shall
be determined from the measured flow, pressure, and tem-
perature of the fluid, following the guidelines presented in
Section 4. If the working fluid is steam, then consumption

Mg = M / (1 @) (5-219) shall be determined using the current ASME Steam Table
where formulations for enthalpy. The following equation applies:
m, = mass flow rate of moist air crossing Plane i
w; = specific humidity of the air at Plan% i G3-4 = (3 X N3) = (m, X hy) + losses  (5-2-23)
where
5-2.6 Inflet Air Temperature Differential hs = enthalpy of fluid entering equipment
The change in inlet air temperature brought about hy = enthalpy of fluid exiting equipment
by the iplet air-conditioning equipment is a primary losses = radiative heat losses, assumed\zeto
test varigble for each type of equipment covered in this my = steam flow rate from Plane 3o Plane 4
document. The temperature differential across the inlet q3-4 = heat consumption from,Rlane 3 to Planef4
air-condjtioning system is the difference between the NOTES.

average fry bulb temperatures at Planes 1 and 2.
Inlet dir temperature change due to inlet air-condi-
tioning dquipment (AT):

AT =T

dbl_T

2 (5-2-20)

where
T,, = dry-bulb temperature at Plane 1
T4, =| dry-bulb temperature at Plane 2

5-2.7 Adgxiliary Energy Consumption

Auxilipry energy consumption may either be electri-
cal or th¢rmal in nature.

5-2.7.1 Electrical Auxiliary Consumption. Theequip-
ment power consumption should be measured at\each
source goint to the inlet air-conditioning equipment.
Each mqtor control center (MCC) should be monitored
and recofrded following methods described in Section 4.
Equipm¢nt may include, but is not limited to, pumps,
fans, corftrol panels, compressors, afd,evaporators. The
following equation applies for each. electrical auxiliary
energy spurce:

Singlelphase source

IL~E.-PF
kW= — (5-2-21)
1000
where
E; = electrie voltage for source j
I ;= electric current for source j
kW, = i
PF = power factor
Three-phase source
g = LB PR3 (5-2-22)
! 1000
where
E; = electric voltage for source j
L= electric current for source j
kW, = power consumption for source j
PF = power factor

(1) Radiation losses are not easilyz8btained and in most casgs can
be assumed small enough to be insignificant.
(2) my=m,

5-3 GENERAL.CORRECTION METHODOLOGY
5-3.1 Introdiction

Calculations for correcting test results to the basq ref-
erenceconditions are included in each subsection.

5-3.2 Generic Correction Formula

Onceresultsfor thetestsaredetermined attest-measpired
conditions, these results should be corrected to a bas¢ ref-
erence set of conditions. The following equation if the
generic correction formula that shall be applied to pach
test-run result, following the guidance provided in pach
subsection herein:

Fcorr = Fmeas X ]761/0 X ]]a/l X ]]a2 X HaS
X Moy X e, (5¢3-1)
where

F_. = generic performance factor or test repult,
corrected to base reference conditions

F c.s = generic performance factor or test resulf, as
determined for test measured conditions

ay = correction factor at Plane X, as definedl by
pretest agreement [see subpara. 3-1.2 (0)].

Ilayy = product of correction factors at Plane 0

IIo; = product of correction factors at Plane 1

a/2 —

Il = product of correction factors at Plane 3

Ilay = product of correction factors at Plane 4

Ilag, = product of correction factors at Plane 5

NOTE: This is the generic correction equation, based on test bound-
ary of Fig. 5-2-1.

5-3.3 Variation in Correction Factors

Correction factors at each plane vary depending on
the inlet air-conditioning equipment and test conditions.
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The applicability for each technology is discussed in the
applicable subsections below.

5-3.4 Replacement of Humidity Correction

Due to the potential multivariant behavior of corrections
for wet-bulb temperature, this correction may be replaced
with specific humidity at the election of the Code user.

5-4.2.3 Measured Evaporative Effectiveness, ¢ ..
The evaporative effectiveness calculated at tested
conditions, commonly known as “measured effective-
ness,” is calculated using the following equation:

€meas = (Tdbl,meas - Tde,meas) / (Tdbl,meas - wal,meas)
(5-4-2)
where
T,, = dry-bulb temperature at Plane 1

Introduction

5-4,

Sybsection 5-4 applies to cooling systems designed to
use [the latent heat of vaporization of water to remove
sensjble heat from the GT compressor inlet air by passing
the inlet air stream across a wetted media. Figure 5-4.1-1
is a fest boundary diagram identifying the most common
plantes of reference required for evaporative coolers.

5-4.p Test Goals

Sybsections 5-1 through 5-3 should be reviewed prior
to the use of subsection 5-4. The most common test goals
for ¢vaporative cooling are described in paras. 5-4.2.1
thropugh 5-4.2.8.

544.2.1 Measured Evaporative Cooler Exit Dry-Bulb
Temperature, T, ... The temperature of the air leav-
ing the evaporative cooler, commonly referred to as the
“mepsured exit temperature” (also referred to as the “GE
inle{ air at Plane 2,” or “compressor inlet temperatute”)
may| be measured directly. The measurement technique
emplloyed should ensure that no moisture aceumulates

on the temperature element(s).

5+4.2.2 Corrected Evaporative Cooler Exit Dry-Bulb
Temterature, Tdbz’com The meaSuted temperature of
the pir leaving the evaporative.cooler that is corrected
to baise reference conditions is commonly known as the

“corfrected exit temperature.” To determine corrected

exit [temperature, the following correction factors may
appyy:
o, = multiplicative correction for dry-bulb tem-

perature at Plane 1

1 = dry-bulb temperature at I'lane 2

wet bulb temperature at Plane 1

db2
wal

corr.

5-4.2.4 Corrected Evaporative Effectivenefss, ¢
The calculated evaporative effectigeness co:j:zcted to
base reference conditions is commionly known| as “cor-
rected effectiveness.” To determine corrected ¢ffective-
ness, the following correction*factors may apply:

aT,,, = multiplicativeé\cOrrection for dry-bfilb tem-
perature atFlane 1

aT ,, = multiplieative correction for wet-blilb tem-
peratute at Plane 1

ap, = multiplicative correction for inlet air[pressure
at Plane 1

am,~_= multiplicative correction for air mass flow at
Plane 1

aT . = multiplicative correction for inlet water tem-

perature at Plane 3
Therefore, the correction equation for evgporative
effectiveness becomes

Cecorr — “meas

X aTl

' X el

wbl al

X apl X mnl w3
(5-4-3)

5-4.2.5 Measured Water Consumption, m | , The
measured water consumption through evaporation is
calculated using the following equation:

mwl—Z = mw3 - mw4 (5_4_4)

where
m,, = the mass flow rate of the water ente
system at Plane 3

, = the mass flow rate of the water disdharge at
Plane 4

ring the

mZU

he same

sin and

(5-4-5)

af . = wuldtiplicative correction for wet-bulb tem- Note that the water evaporated may not be
perature at Plane 1 as the water consumed because not all the whter gets
aff; (= multip ljgativei correction for inlet air pres- evaporated; some of it is collected in the b
SHEar et ] _ other surfaces and therefore wasted. The water evapo-
oty = Eultlplhca’ave correction for air mass flow at 2404 can be calculated using the following equation:
ane
aT,, = multiplicative correction for inlet water tem- My ~ My = Mgy (@0, — @)

perature at Plane 3
Therefore, the correction equation for exit dry-bulb
temperature becomes

Tde,corr = Tde,meas X aTdbl X awal X

X amy X ol

apq

3 (5-4-1)

69

My = the mass flow of dry air entering the
evaporative cooling system at Plane 1

m,, — m, = the water mass flow rate evaporated

w, = specific humidity of the air at Plane 1

®, = specific humidity of the air at Plane 2
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Fig. 5-4.1-1 Evaporative Cooler Test Boundary Diagram

Ap Plane 5, bell mouth
' . Test boundary : Tobs
l l Pbs
?ﬁg N i Pas (Teps: @32, Pps)
\\\ Plane2 ~ i
Pl %gg S air to gas turbine \
ang— T ~
inlft air R 5§§§ — -
Tap N ;
Twb i
RH, P \
Tep1 ) RL50550% l\
Pb1 Media Mist eliminators §
Vi R _Pump and H T
A, Basin supply system T
Caz (cc nStant) Sassssssssssnsnsnnsnnnnnnnnnnsnnnnnnnnnnnadudunnnnnnnnnnnnthgannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnd V2
Twb1 (Fab1: BH1: Taprs Pop) v
Wb(1-,- me k d)m b Plane 4 Plane 3 Plane 0 Az
Pa1\ ! db1: Twb1r Pb1 . .. D,
(T, T, ) water out water in electricity
@1 (‘751:4 )wb1' Pb1 Cao (constant)
gf"1 d L ) Pa Tug Wo. Eg.do, FFo Pa2 (Tanz: Twpre Pr2)
a1\ a1 Ldp1s Twoir Pp1 Gt Pus @2 (Tapr Twbts Pp)
Cy1 (constant) Aws a2 (V2, Ag)
My (G ) Cw1 (constant) Ma2 (Gaz. Ta2: Twns Pp2)
my3 (Gys)

GENERAL NOTES:
(@) Measured variables are shown in italic.
(b) Calcula

5-4.2.6 Corrected Water Consumption, m ,='m,,
Water cohsumption corrected to base referénce’ conditions
is commgnly called “corrected water cofistumption.” For a

ed variables are shown in bold (these are calculated fremm_measured variables).

is commonly known as “corrected pressure dfop.”
Corrected pressure drop is calculated as follows:

APl*Z,corr = APl*Z,meas X aTdbl X awal X a/pl X af

given airfflow rate, corrected water cdnstimption is a func- 1
tion of the wet-bulb depression and gooling effectiveness. (54-8)
oT, =T ) = multiplicativg correction for web- where
bulb depression at Plane 1 _ T . .
PR\ . . any = multiplicative correction for air gnass
s, .. = multiplicative correction for cooling flow at Plane 1
cffgtiveness = multiplicative correction for inlef air
Therefore, the correction equation for water consump- P P lane 1
tion bechmes pressure at Plane
aT = multiplicative correction for dry-pulb
— N — — tem t t P1L 1
(me n wl)corr - (me mwl)meas X a(Tdhl Twhl) x Feorr © p.ere.l ur.e a ane .
(5-4-6) al ., = multiplicative correction for wet-pulb
temperature at Plane 1
A = measured pressure dro
5-4.2.7 Measured  Pressure  Drop, Ap, , ... P1-2,meas p P

Measured pressure drop of the GT compressor inlet air
across the equipment (Plane 1 to Plane 2) is calculated

as follows:
Apl*Z,meas = P1,meas — P2,meas (5-4-7)

5-4.2.8 Corrected Pressure Drop, Ap, , ... Measured
pressure drop corrected to base reference conditions

70

5-5 INLET COOLING USING FOGGING

5-5.1 Introduction

Subsection 5-5 applies to cooling systems designed to
use the latent heat of vaporization of water to remove
sensible heat from the GT compressor inlet air by
injecting finely atomized water droplets directly into
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Fig. 5-5.1-1 Inlet Fogger Test Boundary Diagram
A Plane 5, bell mouth
p
Test boundary Tas
o S Do
/ v i SN Pas (Taps: 2, Pys)
2 N i
/ : N Plane 2 \.\
Plane 1 S i\\\ air to gas turbine S~
L - p N [ D—
et ait SO
p N o

T : ~{ Optional mist 4

Tihin / P | eliminators

RH | < a T

Tdo1 db2

Pth e Basin Tt

Vi - %

A ------------------------------------------------------------------- A2

cap (constant) Yy D,

Tho1 (Tapr: RH1, Tapns Pp) Plane 0 l C,, (constant)

Pah (Tapr: Twp1: Pon) electricity Plane 4 Pa2 (Tana: Twbrs Pra)

o1 (Tap1, Twp1, Pp1) Plane 3 water/out @2 (Tabz: Twors Poa)

q4 (Vs Ag) ¢ oo water in G2 (V2 A))

M (Ga1, Tap1: Twbrs Por) Gua Maz (a2 Tavz: Twpt: |Po2)

Twz ¢4 (constant)

Pws My (Gya)

dws

Cy3 (canstant)

myzqys)
GENHRAL NOTES:
(@) Mpasured variables are shown in italic.
(b) C3lculated variables are shown in bold (these are calculated from measured variables).
the inlet air stream. Figure 5-5.1-1 is a testtboindary dia- ~ a control temperature set point that is offset from the
grarh identifying the most common pldnes of reference ~ wet-bulb temperature to promote evaporation gnd mini-
required for inlet foggers. mize water carryover. Refer to Fig. 5-5.2.2-1 for p sample

fogging system curve showing system cooling| capabil-

5-5.p Test Goals ity versus potential cooling level.

Sybsections 5-1 through’5-3-should be reviewed prior If a more advanced control algorithm is usefl to con-
to the use of subsection -5 The most common test goals ~ trol the amount of cooling, which may take finlet air
for ¢ooling by fogging dre described in paras. 5-5.2.1 temperature, barometric pressure, or other parame-
thropgh 5-5.2.8. ters into account, then the manufacturer shalllprovide

correction factors to adjust measured resulfs to the

545.2.1 MeasuredFoggerExitDry-BulbTemperature,  guarantee point conditions using corrections such as:
T ib2kmeas. « The temperature of the air leaving the fog- aT,,, = multiplicative correction for dry-bilb tem-
ger,|commionly known as “measured exit tempera- perature at Plane 1
ture[’ (also referred to as the “GT inlet air at Plane 2,” aw, = multiplicative correction for specifi¢ humid-
or “compressor inlet temperature”) may be measured ity at Plane 1
directly following the guidance provided in subsec- ap, = multiplicative correction for inlet air pressure
tion 4-3. at Plane 1

. am, = multiplicative correction for air mass flow at

5-5.2.2 Corrected Fogger Exit Dry-Bulb Temperature, Plane 1

Tdbz,corr.

Fogging systems are often designed to provide

stepped reductions in cooling based on the evaporative
cooling potential, or wet-bulb depression (the differ-
ence between T, and T ,,). These systems often have

In that case, the correction equation for exit dry-bulb

temperature becomes

T =T X aT 4,

db2,corr db2,meas

71

X aw; X ap; X am, (5-5-1)
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Fig. 5-5.2.2-1 Sample Fogging System Design Curve for System Cooling Capability vs. Potential Cooling Level

Maximum
system
cooling
capability

Design Cooling, T} - T,

Minimum
temperature
difference to
start system

GENERAL N

(a) Test ob

(b) The tes

OTES:

5-5.2.3 Measured Water Consumption, M1 5 meas.
Water cdnsumption for a fogging system shall be deter-
mined a§ follows:

mwle,meas =My — My (5-5-2)

where
mw3 T

mw4 T

water mass flow rate into the system at Plane 3
water mass flow rate out 0f)the system via
drains at Plane 4

5-5.2.4
be a me
operated

Corrected Water Consumption, M, 5 cor. To
iningful test of the\system, the system must be
near the full system capacity (75% cooling or
greater).|If the systeniis*tested at less than full cooling
capacity,| the system-has the capability of injecting more
water infto the @if than defined on the expected flow
curve. Therefore; the design water flow versus degrees of
cooling dhall.be verified to extrapolate the test results to
the full i ik ;

full system flow may not provide the projected amount of
cooling. Refer to Fig. 5-5.2.4-1 for a sample curve showing
system water flow verses expected inlet air cooling.

If a more advanced control algorithm is used to con-
trol the amount of cooling, which may take inlet air tem-
perature, barometric pressure, or other parameters into
account, then the manufacturer shall provide correction
factors to adjust measured water flow expected or guar-
anteed water flow rate using the corrections such as

Potential Cooling, Ty — Tym

ective 1 is to verify that the amount of cooling is consistent with the numbex6f stages designed to be operating.
presumes thatif T, — T, is less than design cooling, the system will€éntinue to follow the design curve.

72

aT ;= multiplicative corrections for dry-bulb fem-
perature at Plane 1

aw, = multiplicative corrections for specific humid-
ity at Plane 1

ap, = multiplicative corrections for inlet air fpres-
sure at Plane 1

am, = multiplicative corrections for air mass flgw at

Plane 1
Therefore, the correction equation for fogger W
consumption becomes:

ater

m =m XaTdMXale ap; X at,

15-3)

wl—2,corr wl—2,meas

5-5.2.5 Measured Fogger Performance Factor, FPK
The fogger performance factor is a measure of the
well the fogger functions in cooling and humidifyin
air. The term “effectiveness” is not used here becau
I irrerootedH ithrevhpo-
rative coolers. While effectiveness may be calculated for
a fogging system, it will vary over time as ambient con-
ditions change and the fogging control system adjusts
spray flow accordingly.

Therefore, the term “fogging performance fac-
tor,” or FPF, is used. The fogging performance factor
relates the amount of water used to cool the inlet air
to the target temperature, to the amount of water used
to cool the air to saturation as defined in equations
below.

meas.
how

b the
be of

L A -
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Fig. 5-5.2.4-1 Sample Fogging System Design Curve for Water Flow vs. Expected Inlet Air Cooling

— Maximum
system flow

capacity

System Water Flpw, m,

Design Cooling, T4-T,

GENHRAL NOTE: Test objective 2 is to ensure that the amount of water flow is consistent with design such that if an intermediate point|s the test
point} the system will not run of short of water at the design point.
FPF|= % saturation cooling/% saturation flow  (5-5-4) w, = specific humidity at Plane 1
Wy = specific humidity at Plane 2, once set jpoint has
whefre been reached
% saturation cooling = (T, — Ty,) / (Typ; — Ty NOTE: For systems controlled to the entering wet-bullj tempera-
(5:5-5) ture, T, the mass flow required to reach the set point will be
equal to the mass flow required for saturation, or Mo op F Mo sar
% saturation flow = (i, = m,,,) / (M) (5-5-6) A fogger performance factor, FPF, of 1.0 wopld indi-
Thid results in cate that the actual water input into the air wotld all be
evaporated and the air temperature would be|reduced
— to the saturated or set-point temperature. Thege would
PP pneas = [Ty = Tp) (mWZ,sp)] / be no drain flow and nopcarr ovef However, inpractical
[(Tayy = Tupa) X (12,32 11,,9)] (5-5-7) O yove P
dvt bl “ @ systems, this will not normally be the case. Fpr exam-
wheke ple, for a system that is controlled to cool the system to
" — water mags/flow rate into the system at the inlet wet-bulb temperature, T, ;;, saturation cooling
S Plane3 is 100%. But the measured water flow rate required to
" — wafen mass flow rate out of the system via cool the airflow to T, ,, is 10% more than thegretically
o4 drains at Plane 4 calculated to produce that cooling. Then saturation flow
— o, -
My T theoretical water mass flow rate required = 110%. For this example
:o bring temperature at Plane 2 to set-point FPF = 1.0/1.1 X 100 = 90.5%
emperature
FpE _ . ;
* ¥ meas zgiililtligorierwrmdnw HACTOT A TEEEE 5-5.2.6 Corrected Fogger Performance Factor, FPF_
_ To determine the fogging performance factor, FPF,
T = measured dry-bulb temperature at Plane 1 e .
T"’bl _ d drv-bulb Plane 2 corrected to base reference conditions, the following cor-
b2 = measured dry-bulb temperature at Plane rection factors apply:
T = measured wet-bulb temperature at Plane 1 PPy .
w aT,, = multiplicative correction for dry-bulb tem-
and perature at Plane 1
Mgy = Magy X (o, o ®,) (5-5-8) ap, = multiplicative correction for inlet air pressure
' ' at Plane 1
where am, = multiplicative corrections for air mass flow at
m,,, = mass flow rate of dry air at Plane 1 Plane 1

73
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aw, = multiplicative corrections for specific humid-
ity at Plane 1
Therefore, the correction equation for fogging per-
formance factor becomes

FPF_ ___ = FPF

corr meas

X aT yy X apy X amy X aw, (5-5-9)

5-5.2.7 Carryover Flow. The measured water con-
sumption can be compared to the water consumption

However, other parts of the chilling system may
involve secondary heat and mass transfer (“secondary”
in that the primary heat transfer is considered to be with
the gas turbine inlet air stream, for the purposes of this
Code), such as with a cooling tower or secondary heat
exchanger. Using the inlet coil example described in the
previous paragraph, the working fluid passing through
the coils may or may not subsequently be passed through
a secondary heat dump (e.g., a heat exchanger or cool-

theoretiqaity required-tettherfor 1#88% saturatiorrorsat=
uration {o set-point temperature, as determined above)
to deterrhine carryover. Carryover is in the form of water
droplets|at Plane 2, which have no expectation of being
evaporated prior to being ingested by the compressor.
The carryover flow rate is calculated as follows:

mco,meas = mwS - me - mw4 (5_5_10)
where

My mead = measured mass of water not evaporated,
but carried over into the GT compressor
inlet (Plane 2)

M., = water mass flow rate at Plane 2

M, = water mass flow rate into the system at
Plane 3

m,, = water mass flow rate leaving system at
Plane 4

5-5.2.8 Corrected Carryover Flow. To determine car-
ryover flow for a fogger system, corrected to base refer-
ence conditions, the following correction factors apply:

aT,,, [= multiplicative corrections for dry-bulb terh-

perature at Plane 1

ap, |- multiplicative corrections for inlet-aixpres-
sure at Plane 1

am, |= multiplicative corrections for ‘air ‘mass flow
at Plane 1

aw, |= multiplicative correction§ for'specific humid-
ity at Plane 1

am, [= multiplicative corfections for water mass

drain flow at Plahe)4
Therefore, the correction‘€équation for fogger carryo-
ver becomes

=m X aTl

mco,cor cofméas dbl X apy X am, X aw; x am,

'y AY L L £ < £ £

ng-tower-where-heatand-masstransfer-may-oeets

When verifying the performance of such a systefn, it
may be necessary or desirable to verify the petformpnce
of the system with respect to different test'houndafies.
Examples may include differing scopes “of supply, a
desire to verify the performance of the individual Jom-
ponents or subsystems within the<hiller, etc.

Therefore, subsection 5-6 proyidés the calculation meth-
odology for multiple test bouridary and test goal configu-
rations for a closed-loop inlét:¢hilling system. The spgcific
test boundary cases to be-addressed are defined as

— chiller inlet air coil loop

— primary cooling-doop

— primary cooling and chiller loops

— entire chillihg system

The discussion for each of these four test boundlary
cases begins with a diagram defining the test boundary,
the.stréams crossing the test boundary, and the plang for
each-'of those streams. Methods for determining the test
goals follow the test boundary diagrams.

Paragraph 5-6.1 is devoted to calculating common
parameters for chiller systems. Theindividual testbofind-
ary discussions follow these common calculations.

5-6.1 Calculation of Common Parameters and
Intermediate Results for Inlet Cooling by
Closed Coils (Mechanical/Thermal
Refrigeration Systems)

5-6.1.1 Calculated Coil Net Heat Load. The heat Joad
on the inlet air-conditioning coil can be determinegl by
the heat balance on the working-fluid side of the foils
and by the heat balance on the inlet air side of the doils.
Both methods should be used to reduce the uncertginty
of the final calculated coil heat load.

(5-5-11) 5-6.1.2 Heat Balance on Working-Fluid Side. [The
coil heat load can be determined by heat balance o the

““““ Jine fuid asfollows:

vorking Huid-asfollows:

5-6 INLET COOLING USING CHILLERS (MULTIPLE
ARRANGEMENTS) Gua =gz (s = lyo) (5-6-1)
Subsection 5-6 applies to chilling systems that are =~ where

designed to extract heat from the GT inlet air stream hg; = the enthalpy of the working fluid at Plane 3,

with no mass transfer at the gas turbine inlet via thermal kJ/kg (Btu/Ib)
or electrical means. An example would be homogenous hy = the enthalpy of the working fluid at Plane 4,

chilling fluid channeled through a set of coils in the inlet kJ/kg (Btu/lb)
system that extracts heat from the GT inlet air, but no g = the mass flow rate of the working fluid enter-

mixing of the chilling fluid and the GT inlet air occurs.

ing the coil (Plane 3), kg/h (Ib/hr)
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q,_, = the heat load on the coil based on the energy
change from Plane 3 (working fluid inlet) to Plane
4 (working fluid outlet or return), k] /h (Btu/hr)

5-6.1.3 Heat Balance on Inlet Air Side. The coil net
heat load can also be determined by heat balance on the
inlet air side of the coil as follows:

Go-1 = Myy ’(hdnz - hdnl) Ty Py ™ My 1o

close to the supply and return lines of the chiller pack-
age as possible. This is in contrast to the net heat load,
which is based on temperatures measured as close to the
coil as possible.

5-6.2 Chiller Inlet Air Coil Loop

5-6.2.1 Test Boundary for Chiller Inlet Air Coil
Loop. Figure 5-6.2.1-1 shows the test boundary for the
chiller inlet air coil loop. The assumption is that the coil

A teltir 562 piping Is carrying the primary working fluid [coolant)
for heat transfer with the GT inlet air. This test boundary
wherf includes only that part of the chiller system that directl
o}y = the heat load on the coil based on energy . . .o (angllcoolslj the GT inlet air. Y y
change in the airflow entering the air-con-
d1t1.on1ng system (Plane 1), to the airflow 5-6.2.2 Test Goals. Subsecfions 5-1 throjugh 5-3
delivered to the gas turbine compressor  ¢poyid be reviewed prior tohe use of para. 56.2. The
inlet (Plane 2), kJ/h (Btu/hr) most common test goals for closed-coil codling are
Iy = ng e/r}’g;alpy of the dry air at Plane 1, KJ/kg  gecribed in paras. 5-6.2.2.8through 5-6.2.2.12.
u
hj, = the enthalpy of the dry air at Plane 2, kJ/kg 5-6.2.2.1 Measuréd Exit Dry-Bulb Temperature,
(Btu/lb) o T b2 meas. 1he measured dry-bulb temperaturdat Plane
h}i,e = theenthalpy of the waterasaliquid at Plane 5" qetermified following the guidelines proyided in
6, kJ/kg (Btu/Ib) this Code{ The final measured air temperatufe is the
hf oy = the enthalpy of the waterasa vaporatPlane bk ayérage temperature at the exit plane of the chiller
1, kJ/kg (Btu/Ib) inlet air'coil (Plane 2).
h.ap, = the enthalpy of the water as a vapor at Plane
2, kJ/kg (Btu/1b) . 5-6.2.2.2 Corrected Exit Dry-Bulb Temperature,
My, = the mass flow rate of the dry air at Plane 1, Tibocorr. 1he measured temperature of the aif leaving
kg/h (Ib/hr) . the coil that is corrected to base reference condlitions is
Mtige = the mass ﬂpw rate O.f water leaving the Sys commonly known as the “corrected exit tempgrature.”
tem in liquid form, via the condensate dsains 1, Jetermine corrected exit coil temperature, thp follow-
(Plane 6), kg/h (Ib/hr) ing correction factors may apply:
M, vap1 = the mass flow rate of water vapag(at Plane 1, aT,,, = multiplicative correction for dry-bfilb tem-
kg/h (Ib/hr) perature at Plane 1
M, oap2 = the mass flow rate of watgr vapor at Plane 2, ap, = multiplicative correction for baromefric pres-
kg/h (Ib/hr) sure at Plane 1
. ) aT,,, = multiplicative correction for wet-bfilb tem-
546.1.4 Chiller Heat Load. ‘Fhe chiller heat load perature at Plane 1
(grops load) is similar to the-eoil heat load, using tem- am, = multiplicative correction for air mpss flow
perdtures measured at thiechiller inlet and outlet instead rate at Plane 1
of tqmperatures localtq the coil itself. aTy, = multiplicative correction for working-fluid
— ( [ ) temperature at Plane 3
Tadet ™ Mpa \lps s (5-6-3) aX;, = multiplicative correction for working-fluid
wheke composition at Plane 3
I, * the enthalpy of the working fluid exiting amg; = multiplicative correction for working-fluid
the chiller at Plane 3, k] /kg (Btu/Ib) mass flow rate at Plane 3
nL —theerrthatov-of-thevworkime—frricretore Therefore, the correction equation for coil éxit tem-
in Py g
ing to the chiller at Plane 4, kJ /kg perature becomes
(Btu/lb) . . Tde,corr = Tde,meas X a/Tdbl X a,pl X awal X ml
Mgy = the mass flow rate of the working fluid X ans X ast X anigy (5-6-4)
exiting the chiller at Plane 3, kg/h (Ib/hr)
(4-34r0ss — the heat load at the chiller based on the

energy change from Plane 3 to Plane 4,

kJ/h (Btu/hr)
The prime (') on the plane identifiers indicates that
the temperature basis for the enthalpies is measured as

75

5-6.2.2.3 Measured Temperature Difference,
AT, i mess. 1he measured air temperature difference
across the coil (Plane 1 to Plane 2) is determined follow-
ing the guidelines provided in this Code. The measured
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Fig. 5-6.2.1-1

Inlet Chiller Test Boundary Diagram: Coils Only
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An Y 1T . ) Plane 4 Plane 3 electricity
Mg 4qa1. Taprr Tworr Pop fluid out fluid in
Plane 6
Tra Tr condensed
Dra Pr water out
Ara a1 Qu
6
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GENERAL NOTES:

(@) Measured variables are shown in italic.

(b) Calculafed variables are shown in bold (these are calculated from measured variables).
NOTE:
(1) Pump(d) may or may not be included with the coils.
air tempprature difference is the bulk/average tempera- amg, = multiplicative correction for working-fluid
ture diff¢rence across the chillerinlet air coil. mass flow rate at Plane 3
aXp = multiplicative correction for working-fluid
5-6.2.2.4 Corrected Temperature Difference, AT, , composition at Plane 3
For corrpcted temperature’ difference across the chiller Therefore, the correction equation becomes:
inlet a1r“011, t?g flc?llox‘/vmg corregtlor; factors a}iply: AT, 1 core = ATo 1 meas X @ gy X apy X aT
aT .  multiplicative correction for dry-bulb temper- X amy X ap, X anS Ay X aX, (546-5)
ature at'Plane 1
ap, F muliiplicative correction for barometric pres-
sure at Plane 1 5-6.2.2.5 Measured Pressure Drop,Ap, , . |The
aT, ,, = multiplicative correction for wet-bulb temper- measured pressure drop of the air across the chiller inlet

ature at Plane 1

am, = multiplicative correction for air mass flow rate

at Plane 1

aX, = multiplicative correction for air composition

ap,

Plane 1

= multiplicative correction for barometric pres-

sure at Plane 2

aTp; = multiplicative correction for working-fluid

temperature at Plane 3

air coil (Plane 1 to Plane 2) is determined following the
guidelines provided in this Code. The measured air
pressure drop across the chiller inlet air coil is the bulk
average air pressure difference across the chiller inlet

air coil.

5-6.2.2.6 Corrected Pressure Drop, Ap, ,; .-

For

the corrected air pressure drop, the following correction

factors apply:
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am, = multiplicative correction for air mass flow
rate at Plane 1

multiplicative correction for working-fluid
mass flow rate at Plane 3

Therefore, the correction equation becomes

a/f’l’lf3 =

Ap 2-Lcor Ap )~ 1meas < @1y X @ Mgy (5-6-6)

5-6.2.2.7 Measured Temperature Difference,

am, = multiplicative correction for air mass flow rate
at Plane 1
aX, = primary working-fluid composition correction
to primary working-fluid temperature differ-
ence at Plane 3
amg, = primary working-fluid mass flow correction
to primary working-fluid temperature differ-
ence at Plane 3
Therefore, the correction equation becomes

AT",} 3,meas, otthe Prln@ryWDrklng FIUIq. I'he measured Ap4—3,corr = Ap4—3,meas X am X “X3 X o] (5-6-8)
primary working-fluid temperature difference across the

chiller inlet air coil (Plane 4 to Plane 3) is determined fol- .

lowing the guidelines provided in this Code. The meas- 5-6.2.2.11 Measured Efficiency, ng;,. and Load,

ured primary working-fluid temperature difference is
the pulk average primary working-fluid temperature
diffdrence across the chiller inlet air coil.

5-6.2.2.8 Corrected Temperature Difference,
AT, | 3o, of the Primary Working Fluid. For the
corrpcted temperature difference of the primary work-
ing fluid, the following correction factors apply:

af . = multiplicative correction for dry-bulb tem-
perature at Plane 1

a}, = multiplicative correction for barometric pres-
sure at Plane 1

&~

af ,, = multiplicative correction for wet-bulb tem-
perature at Plane 1

afft, = multiplicative correction for air mass flow
rate at Plane 1

af}; = multiplicative correction for working-fluid

pressure at Plane 3

aly; = multiplicative correction for working-fluid
temperature at Plane 3

alfi;; = multiplicative correction for ‘working-fluid
mass flow rate at Plane 3

aX, = multiplicative correction\for working-fluid
composition at Plane3

Therefore, the correction equation becomes

AT = AT

4-3,corr 4-8,meds

X amy X apy X anS X ani X an

X aT} X ap; X oT

(5-6-7)

5-6.2.2.9 Measured Pressure Drop, Ap, ; ... of
the [Primary/Working Fluid. The measured pressure
drop of the\primary working-fluid across the chiller
inle{ air-coil (Plane 4 to Plane 3) is determined follow-
ing the(guidelines provided in this Code. The measured

Gmeas, Of the Chiller Inlet Air Coil. {-The measyred effi-
ciency and load of the chiller inletair coil are defermined
following the guidelines provided previously in this
Code. The measured efficiericy and load of tHe chiller
inlet air coil are taken from the bulk average pafameters
across the chiller inlet ajr coil. The measured dfficiency
of the chiller inlet ajy-c6il is calculated as follows:

1 — Tapp) / Ty — Tf3) (5-6-9)

nmeas

5-6:2.2.12 Corrected Efficiency, n . and Lgad, g,
of the Chiller Inlet Air Coil. For corrected chjller effi-
cieney or load, the following correction factors ppply:

aT,,, = multiplicative correction for dry-blilb tem-
perature at Plane 1

ap, = multiplicative correction for barome}ric pres-
sure at Plane 1

aT ,, = multiplicative correction for wet bulb tem-
perature at Plane 1

am; = multiplicative correction for air mpss flow
rate at Plane 1

ap, = multiplicative correction for baromefric pres-
sure at Plane 2

Ty, = multiplicative correction for working-fluid

temperature at Plane 3

amg; = multiplicative correction for working-fluid
mass flow rate at Plane 3

Therefore, the correction equation for dfficiency
becomes

Teorr — meas X aTdhl X a/pl X awal X a/nl

X ap, X oﬂ"f3 X (5-6-10)

and the correction equation for load becomes

primary working-fluid pressure drop across the chiller
inlet air coil is the bulk average primary working-fluid
pressure difference across the chiller inlet air coil.

5-6.2.2.10 Corrected Pressure Drop, Ap, ;. of
the Primary Working Fluid. For corrected primary
working-fluid pressure drop, the following correction
factors apply:

qcorr = qmeas X al dbl x a/pl x alwbl Ml

X ap, X oTpy X am, (5-6-11)

5-6.3 Chiller Primary Cooling Loop

5-6.3.1 Test Boundary for the Chiller Primary Cooling
Loop. Figure 5-6.3.1-1 shows the test boundary for the
chiller primary cooling loop. This test boundary includes
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Fig. 5-6.3.1-1

Inlet Chiller Test Boundary Diagram: Coils and Primary Cooling Loop
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GENERAL NOTES:
(@) Measured variables are shown in italic.

(b) Calculafed variables are shown in bold (these are caldulated from measured variables).

NOTES:
(1) Pump(s
(2) Pump(s

may or may not be included with the ¢oils.

the mechanical equipment associated with the move-
ment of the primary workifigfluid (coolant) between its
primary|heat sink and/the GT inlet air, in addition to
the scope included ifi the chiller inlet air coil loop, as
describefl in para, §-6:2. In this case, Planes 7 and 8 refer
to the sgcondaryqyvorking fluid — which cools the pri-
mary wqrking fluid (coolant) — as the primary working
fluid is ¢ntirely contained within, and does not cross,

may or may not be included on héatexchanger intake (Plane 7) and/or discharge (Plane 8).

5-6.3.2.1 Measured Exit Dry-Bulb Temperature,
Tibameas. The measured air dry-bulb temperatuge at
Plane 2 is determined following the guidelines prov]ded
in this Code. The final measured air temperature ig the
bulk average temperature at the exit plane of the cHiller
inlet air coil (Plane 2).

5-6.3.2.2 Corrected Exit Dry-Bulb Temperature,

this test botrdary-:

The assumptions are that the secondary fluid is sent
through piping for heat transfer with the primary work-
ing fluid (coolant), and that the GT inlet air is exchang-
ing heat with the chiller inlet air coil (containing the
primary working fluid).

5-6.3.2 Test Goals. Subsections 5-1 through 5-3
should be reviewed prior to the use of para. 5-6.3.

Tib2,corr.  1he measured temperature of the air leaving
the test boundary that is corrected to base reference con-
ditions is commonly known as the “corrected exit tem-
perature.” To determine the corrected exit temperature,
the following correction factors may apply:

aT 4, = multiplicative correction for dry-bulb tem-
perature at Plane 1
multiplicative correction for barometric pres-
sure at Plane 1

apy =

78
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aT, ,, = multiplicative correction for wet-bulb tem-
perature at Plane 1

am, = multiplicative correction for air mass flow
rate at Plane 1

Ty, = multiplicative correction for working-fluid
temperature at Plane 7

aXy, = multiplicative correction for working-fluid

composition at Plane 7
= multlphcatlve correctlon for working-fluid

erefore, the correction equation becomes

Tdb2,corr = Tde,meas X a/Tdbl X apl X awal X ml
al ;X aXg, X anmg, (5-6-12)

5-6.3.2.3 Measured Temperature Difference,
AT,1 i meas. The measured temperature difference of
the {GT inlet air across the primary cooling loop (Plane
2 to| Plane 1) is determined following the guidelines
provided in this Code. The measured air temperature
diffgrence is the bulk average temperature difference
acrops the primary cooling loop.

5-6.3.2.4 Corrected Temperature Difference, AT, 1,cor
For the corrected temperature difference of the GT inlet air,
the fpllowing correction factors apply:

ag}, = multiplicative correction for barometric pres-
sure at Plane 1

arft; = multiplicative correction for air mass flow rate
at Plane 1

af}, = multiplicative correction for barometri¢-pres-
sure at Plane 2

aly; = multiplicative correction for wotking-fluid
temperature at Plane 7

alfi; = multiplicative correction fot . working-fluid
mass flow rate at Plane 7

aX, = multiplicative correction) for working-fluid
composition at Plane 7

Therefore, the correction-equation becomes

AT = ATy8 deas X apy X ammy X ap,

2—1,corr
X a/Tf7 X alti; X aX, (5-6-13)

5-6.3.2.5 ‘Measured Pressure Drop,Apz_l,meas‘ The
meapured pressure drop of the GT inlet air across the
prinmparycooling loop (Plane 1 to Plane 2) is determined
follqwing” the guidelines provided in this Code. The

Therefore, the correction equation becomes

APy 1 corr = AP21meas X @ty X ay; - (5-6-14)

5-6.3.2.7 Measured Temperature Difference,
ATg 7 meas, Of the Secondary Working Fluid. The meas-
ured temperature difference of the secondary working
fluid across the primary cooling loop (Plane 8 to Plane 7) is
determmed followmg the guldehnes prov1ded in this Code.
perature dif-

ference is the bulk average secondary working*fluid tem-
perature difference across the primary cooling logp.

5-6.3.2.8 Corrected Temperature Difference,

AT8_7,CW, of the Secondary Working Fluid.  For the cor-

rected temperature difference,of the secondary working

fluid, the following corregtion factors apply:

aT,,, = multiplicatiyé\correction for dry-bull temper-

ature at Plane-1

ap, = multiplicative correction for baromefric pres-

sure at.Rlane 1

aT,,, = maltiplicative correction for wet bulf temper-

ature at Plane 1

am,. = multiplicative correction for air mpss flow

rate at Plane 1

apy = multiplicative correction for workjng-fluid

pressure at Plane 7

Ty, =multiplicative correction for working-fluid

temperature at Plane 7

am, = multiplicative correction for working-fluid

mass flow rate at Plane 7

aX, = multiplicative correction for working fluid
composition at Plane 7

Therefore, the correction equation becomes

AT, = AT,

8—7,corr 8—7,meas

X amy X ap, X a/TﬁX a/mf7>< aX,

X Ty X ap, X aT},
(5-6-15)

5-6.3.2.9 Measured Pressure Drop, Apg |, ... of
the Secondary Working Fluid. The measured |pressure
drop of the secondary working fluid across the|primary
cooling loop (Plane 8 to Plane 7) is determinedl follow-
ing the guidelines provided in this Code. The measured
secondary working-fluid pressure drop across thg primary
cooling loop is the bulk average secondary workiing-fluid
pressure difference across the primary cooling lqop.

measSTTed PIessure drop of the G1 Iniet air across the
primary cooling loop is the bulk average GT inlet air
pressure difference across the primary cooling loop.

5-6.3.2.6 Corrected Pressure Drop, Ap, , .~ For
the corrected pressure drop of the GT inlet air, the fol-
lowing correction factors apply:
am, = multiplicative correction for air mass flow rate
at Plane 1
multiplicative correction for working-fluid

oM, =
mass flow rate at Plane 7

5-6.3.2.10 Corrected Pressure Drop, Apg ., .. of
the Secondary Working Fluid. For the corrected pres-
sure drop of the secondary working fluid, the following
correction factors apply:
am, = multiplicative correction for air mass flow rate
at Plane 1
aX, = multiplicative correction for working-fluid
composition at Plane 7
= multiplicative correction for working-fluid

o
mass flow rate at Plane 7
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Therefore, the correction equation becomes

APS*ZCOH‘ - Ap877,meas X anty X aX7 X mf7 (5'6-16)

5-6.3.2.11 Measured Efficiency/Load, .. / Gpeas
Inlet Primary Cooling Loop. The measured primary
cooling loop load (Plane 2 to Plane 1 or Plane 4 to Plane
3) is determined following the guidelines provided in
this Code. The measured primary cooling loop effi-

aT ,, = multiplicative correction for wet-bulb tem-
perature at Plane 1

am, = multiplicative correction for air mass flow
rate at Plane 1

Ty, = multiplicative correction for working-fluid

temperature at Plane 7

amg; = multiplicative correction for working-fluid
mass flow rate at Plane 7

Therefore, the correction equation becomes

: 1.1 1 P | re +1 1 11
CIENCy afrcrToact are takeIT ITOIT tTe DUIK dveldge pardliir

AUX, = AUX, X ai, X alg, X aT

ete.rs acqoss Fhe primary 'coolin.g loop. The measured Ocorr X a%n e7as>< aT, o w(b51-( -20)
primary [cooling loop efficiency is determined from the f
following;:
. T ) /(T T 5617 5-6.4 Primary Cooling + Chiller Loop
eas = T = Tava) / Ty = Tp) ) 5-6.4.1 Test Boundary for the Primary Cooling +
Chiller Loop. Figure 5-6.4.1-1 shows the test bounglary

5-6.8.2.12 Corrected Inlet Primary Cooling Loop
Efficiency/Load (1, / q,,,)- For the corrected chiller
efficiency /load of the primary cooling loop, the follow-
ing corrdction factors apply:

aT,, ¥+ multiplicative correction for dry-bulb tem-
perature at Plane 1

ap, F multiplicative correction for barometric pres-
sure at Plane 1

aT ,, ¥ multiplicative correction for wet-bulb tem-
perature at Plane 1

am, ¥ multiplicative correction for air mass flow
rate at Plane 1

ap, ¥ multiplicative correction for barometric pres-
sure at Plane 2

aly, ¥ multiplicative correction for working-fluid
temperature at Plane 7

amy,  multiplicative correction for working=-fluid

mass flow rate at Plane 7

aX, F multiplicative correction for_iworking fluid
composition at Plane 7

Therefpre, the correction equation fér efficiency becomes

Thorr — meas X aTdbl X apl X a/wal X aml

X ap, X ol X atity? X X, (5-6-18)

and the ¢orrection equation 'for load becomes

qcorr = qmeas 2 aTdbl X a’pl X awal X aml

X ap5,X a/Tf7 X amy; X aX, (5-6-19)

5-6.8.2;13 Measured Auxiliary Load, AUX, . cas.

for the primary cooling + chillerloop. This test b(I)lllmd—
ary includes the chiller and\its associated equipnjent,
including secondary heaf-exchanger(s), as well aq the
equipment included in the scope of both the chiller jnlet
air coil loop and the-grimary cooling loop, as descrjbed
in paras. 5-6.2 and/5-6.3, respectively. In this case, Plpnes
9 and 10 refertd.the heatrejection fluid — which coolp the
secondary working fluid — as both the secondary wiork-
ing fluid and the primary working fluid are entirely fon-
tainedyvithin (and do not cross) this test boundary.(The
asstimptions are that the fluid is sent through piping for
heattransfer with the secondary working fluid, and|that
the GT inlet air is exchanging heat with the chiller nlet
air coil (containing the primary working fluid).
5-6.4.2 Test Goals. Subsections 5-1 through| 5-3
should be reviewed prior to the use of para. 5-6.4.

ure,

5-6.4.2.1 Measured Exit Dry-Bulb Tempera
T the

db2,meas. 1he measured dry-bulb temperature of
air at Plane 2 is determined following the guidelines
provided in this Code. The final measured air tempera-
ture is the bulk average temperature at the exit plane of
the primary cooling + chilling loop.

5-6.4.2.2 Corrected Exit Dry-Bulb Temperature,
Tib2,meas. 1he measurgd temperature of the air leaying
the test boundary that is corrected to base reference fon-
ditions is commonly known as the “corrected exit fem-
perature.” To determine the corrected exit temperature,

The medstured auxittary toad of the primary cooing
loop (Plane 0) is determined following the guidelines
provided in this Code. The measured primary cooling
loop auxiliary load is the auxiliary load across the pri-
mary cooling loop.
5.6.3.2.14 Corrected Auxiliary Load, AUX, , ~ For
the corrected primary cooling loop auxiliary load, the
following correction factors apply:
aT 5, = multiplicative correction for dry-bulb tem-
perature at Plane 1

80

lLl < fUl}U vV il 15 CUL leILiUL L fﬂl. ‘LUlD pu sy lCly ﬂfllJl)’ .
aT,, . = multiplicative correction for dry-bulb temper-
ature at Plane 1

ap, = multiplicative correction for barometric pres-
sure at Plane 1
aT,;, = multiplicative correction for wet-bulb tem-

perature at Plane 1

am; = multiplicative correction for air mass flow
rate at Plane 1

Ty, = multiplicative correction for working-fluid
temperature at Plane 9
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Fig. 5-6.4.1-1

Inlet Chiller Test Boundary Diagram: Coils, Primary Cooling Loop, and Chiller Loop
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GENHRAL NOTES:
(a) Mpasured variables are shown in italic.
lculated variables are shown in bold (these are calculated from measured variables).

NOTEHS:
e
@rp

mp(s) may or may not be included with the cails.

mp(s) may or may not be included on Heat exchanger intake (Plane 9) and/or discharge (Plane 10).

aX, = multiplicative correction for working-fluid ap, = multiplicative correction for baromefric pres-

composition at Plare 9 sure at Plane 1
alfiy = multiplicatiy€ gorrection for working-fluid am, = multiplicative correction for air mass flow rate

mass flow rate at Plane 9 at Plane 1

Tlherefore, the corfection equation becomes ap, = multiplicative correction for baromefric pres-

sure at Plane 2
Loz go o Tazmeas > @Tan X Py X oy aT,, = multiplicative correction for workjng-fluid

X am, X aTgy X aXey X amy (5-6-21) 9 tom
perature at Plane 9
amg, = multiplicative correction for working-fluid
5-6.4.2.3 Measured Temperature Difference, AT, , ... mass flow rate at Plane 9

The measured temperature difference of the GT inlet
air across the primary cooling + chilling loop (Plane 2
to Plane 1) is determined following the guidelines pro-
vided in this Code. The measured air temperature differ-
ence is the bulk average temperature difference across
the primary cooling + chilling loop.

5-6.4.2.4 Corrected Temperature  Difference,
21,0, PO the corrected temperature difference of
the GT inlet air, the following correction factors apply:

aX, = multiplicative correction for working-fluid
composition at Plane 9

Therefore, the correction equation becomes

AT = AT, tmeas X Py Xttty X ap,

2—1,corr
X aTpy X amgy X aX, (5-6-22)

5-6.4.2.5 MeasuredPressureDrop,Ap, ; ... The

measured pressure drop of the GT inlet air across the
primary cooling and chilling loop (Plane 1 to Plane 2)

81
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is determined following the guidelines provided in this
Code. The measured GT inlet air pressure drop across
the primary cooling and chilling loop is the bulk aver-
age GT inlet air pressure difference across the primary
cooling and chilling loop.

5-6.4.2.6 Corrected Pressure Drop, Apz_l,co"_ For

the corrected GT inlet air pressure drop, the following

correction factors apply:
an, T T

o for o o occ flogag

the guidelines provided in this Code. The measured
heat-rejection fluid pressure drop across the primary cool-
ing + chilling loop is the bulk average heat-rejection fluid
pressure difference across the primary cooling + chilling
loop.

5-6.4.2.10 Corrected Pressure Drop of the Heat-
Rejection Fluid, Apy o, For the corrected pressure
drop of the heat-rejection fluid, the following correction

OO o bb—1rovY

rate at Plane 1

F multiplicative correction for working-fluid
mass flow rate at Plane 9

Therefore, the correction equation becomes

Apz—l,corr = Ap2—1,meas X ml X mf9

oszg

(5-6-23)

.2.7 Measured Temperature Difference of
-Rejection Fluid, AT o ... The measured
e difference of the heat-rejection fluid across
ry cooling + chilling loop (Plane 10 to Plane 9)
ined following the guidelines provided in this
Code. THe measured heat-rejection fluid temperature dif-
ference i the bulk average heat-rejection fluid temperature
differencp across the primary cooling + chilling loop.

5-644.2.8 Corrected Temperature Difference of
the Heat-Rejection Fluid, AT10—9,corr. For the corrected
temperafure difference of the heat-rejection fluid, the
following correction factors apply:
aT 4, F multiplicative correction for dry-bulb terfs
perature at Plane 1

fdl. oI5 dPPly .

am, = multiplicative correction for air massflow
rate at Plane 1

aX, = multiplicative correction for working-fluid
composition at Plane 9

amg, = multiplicative correction (fqr - working-fluid
mass flow rate at Plane9

Therefore, the correction equation becomes

AP -9 corr = AP10-9,meas X ALK aXy X attiyy (5-6-25)

5-6.4.2.11 Measured Efficiency, ... and/or Load,
G neas, Of the InletPrimary Cooling + Chilling Loop. |The
measured chilling loop load (Plane 4 to Plane 3) is dpter-
mined following the guidelines provided previously
in this €ode. The measured efficiency and/or load of
the primary cooling + chilling loop are taken fron the
bulKaverage parameters across the primary coolifg +
chilling loop. The measured efficiency of the prirhary
cooling + chilling loop is determined as follows:

= [AUX, + myy X C X (Tro = T 1/ a4
(5-4-26)

Tmeas p,9—10

ap, ¥ multiplicative correction for barometric-pres-
sure at Plane 1 5-6.4.2.12 Corrected Efficiency, Neorr, and/or Load,
aT ., ¥ multiplicative correction for wet-bulb tem- 9.y, Of the Inlet Primary Cooling + Chilling Loop. | For
perature at Plane 1 the corrected chiller efficiency or load, the following|cor-
am, ¥ multiplicative correction/for’air mass flow  rection factors apply:
rate at Plane 1 aT,,, = multiplicative correction for dry-bulb fem-
ap, ¥ multiplicative correctioh for working-fluid perature at Plane 1
pressure at Plane9 ap, = multiplicative correction for barometric fpres-
ol T multiplicative seqrrection for working-fluid sure at Plane 1
temperaturelat Plane 9 aT,,, = multiplicative correction for wet-bulb fem-
amg § multiplicative correction for working-fluid perature at Plane 1
mass flow rate at Plane 9 am, = multiplicative correction for air mass flow
aX, F multiplicative correction for working-fluid rate at Plane 1
composition at Plane 9 ap, = multiplicative correction for barometric fpres-
Therefor€, the correction equation becomes sure at Plane 2 T
ATy g o = ATy g mens X aTy X apy X aTy alpy = :Zﬂtlg;iiigzt lcj?;'leec;lon for working-fluid
X ay X apy X aTpy X amgy X aX,  (5-6-24) N : o
amg, = multiplicative correction for working-fluid

5-6.4.2.9 Measured Pressure Drop, of the Heat-
Rejection Fluid, Ap,, ¢ ... The measured pressure drop
of the heat-rejection fluid across the primary cooling +
chilling loop (Plane 10 to Plane 9) is determined following
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mass flow rate at Plane 9
aX, = multiplicative correction for working-fluid
composition at Plane 9
Therefore, the correction equation for efficiency
becomes
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X aT

wbl X aml
X a/X

(5-6-27)

Teorr — "meas X aTdbl X ap,
X ap, X ang X am g

and the correction equation for load becomes

X awal

XaX

X am,
(5-6-28)

= qmeas X aTdbl X apq
X ap, X a/ng X g,

qcorr

5-6.4.2.13 Measured Auxiliary Load, AUX 0,meas.
The measured auxiliary load (Plane 0) of the primary

5-6.5.2.1 Measured Exit Dry-Bulb Temperature,
Tybomeas. 1he measured dry-bulb temperature at the
exit of the test boundary (Plane 2) is determined fol-
lowing the guidelines provided in this Code. The final
measured air temperature is the bulk average tempera-
ture at the exit plane of the entire chilling system.

5-6.5.2.2 Corrected Exit Dry-Bulb Temperature,

T Measured dry—bulb temperature at the exit of

db2 ,COrT.

coolfng + chilling Toop is determined following the
guidelines provided in this Code. The measured pri-
mar} cooling + chilling loop auxiliary load is the auxil-
iary|load across the primary cooling + chilling loop.

5-6.4.2.14 Corrected Auxiliary Load, AUX, ., For
corrpcted auxiliary load, the following correction factors

appyy:

al ;. = multiplicative correction for dry-bulb tem-
perature at Plane 1

al ., = multiplicative correction for wet-bulb tem-
perature at Plane 1

afft; = multiplicative correction for air mass flow
rate at Plane 1

oy = multiplicative correction for working-fluid
temperature at Plane 9

alfi, = multiplicative correction for working-fluid

mass flow rate at Plane 9
Tlherefore, the correction equation becomes:

AUX = AUXO,meas X am,
X altig X aT9

X al ap1 X a/wal

(5-6-29)

0,corr

5-6.

546.5.1 Test Boundary for the Entire Chilling System.
Figyre 5-6.5.1-1 shows an example, test boundary
for g chiller system. This test bourndary includes the
equipment associated with thé dhiller [including sec-
ondpry heat exchanger(s)], jas well as equipment
inclgded in the scope of the chiller inlet air coil loop,

b Entire Chilling System

the primary cooling logp,/and the primary cooling and
chilling coil loop, asydescribed in paras. 5.6.2, 5.6.3, and
5.6.4, respectively~In this case, Planes 11 and 12 refer to
the fooling fluid for the heat-rejection loop (e.g., sea-
watér or codling-tower cooling air). The heat-rejection
fluid, secondary working fluid, and primary work-
ing ]uld are all entirely contamed w1th1n (and do not
crosk a
cooling ﬂu1d is sent through a heat exchanger (such as
a cooling tower) for heat transfer with the heat-rejec-
tion fluid, and that the GT inlet air is exchanging heat
with the chiller inlet air coil (containing the primary
working fluid).

5-6.5.2 Test Goals. Subsections 5-1 through 5-3
should be reviewed prior to the use of para. 5-6.5.
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thetest uuuuucu_y \1 tarre 4/ thattscorrectedtobase ref-
erence conditions is commonly known as “corrgcted exit
dry-bulb temperature.” To determine thé corrected exit
dry-bulb temperature, the following cotrectioh factors
may apply:
aTy, = multiplicative corregtion for dry-b
perature at Plane 1

1lb tem-

ap, = multiplicative corfection for baromefric pres-
sure at Planey}

aT ,, = multiplicative correction for wet-blulb tem-
peraturesatPlane 1

am; = multiplicative correction for air mpss flow
rate at Plane 1

Ty, ={multiplicative correction for working-fluid
temperature at Plane 11

aXyo= multiplicative correction for working-fluid
composition at Plane 11

dmy; = multiplicative correction for working-fluid
mass flow rate at Plane 11

Therefore, the correction equation becomes

Tde,corr = Tde,meas 2 aTdbl X apl X aTw [l

X amy X anll X aXf X att (5-6-30)

5-6.5.2.3 Measured Temperature Difference,
The measured temperature diffepence of
m (Plane

AT2—1 meas.
the GT inlet air across the entire chilling syste
2 to Plane 1) is determined following the gtidelines
provided in this Code. The measured air te;i;erature
difference is the bulk average temperature djifference

across the entire chilling system.

5.6.5.2.4 Corrected Temperature Difference (A
Measured temperature difference across thg
system (Plane 2 — Plane 1) that is corrected to b
ence conditions is Commonly known as the “

Tz—l,corr)'
chilling
hse refer-
qorrected
the cor-
rected system temperature dlfference, the following cor-
rection factors may apply:
ap, = multiplicative correction for barometric pres-
sure at Plane 1
am, = multiplicative correction for air mass flow rate
at Plane 1
= multiplicative correction for barometric pres-
sure at Plane 2

ap,
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Figure 5-6.5.1-1

Inlet Chiller Test Boundary Diagram: Entire Chiller System

Plane 5, bell mouth

Apq_
P12 Test boundary T
db5
[ § Pps
| \ { ' N - ) Pas (Tps: @1, Pps)
N ane
Plane 1 / Coils ‘ ‘ | i, airtogas turbine "
inlet air 7——> N T -
N db2
T E\ 7—|n hl
7 S/ L | Mist Z -
Wt N liminators | A /
RH | eliminator 2
T 1 [ TR R R e ] ) D,
dp1 Basin Caz (constant)
va [Note (1)] i V- Paz2 (Tapa: Twprs Ppp)
A1 SR I It 3 @2 (Tapa Twpts Pop)
1 i
d ; Ga2 (V5, Aj)
Caz (cOngtant) Primary : Mo (Gazr T Twbrs Pop)
wa1 (Td 17 RH1' po1r pbp) Ioop H
Pa1 (Tap1| Two1, Ppp) L, Plané6 Qws
@1 (Tapr| Twp1r Pop) _Il\l\'_ tohdensed | ci5 (constant)
g V4, Aq) water out | My (q,6)
4 Chiller Loop\__/<—
M1 (Gar| Tapts Twbrs Pop) < Plane 0
A auxiliary
«— power
Heat >Plane 12 | Ty,
v~ rejection fluid out | pg
[Note (2)] (" loop dn2
S Cty, (constpnt)
— PI 11
fuidin| " Mz (dun
Pri1
arn
Cf11 (constant)
Mg (Gy)

GENERAL NOTES:
(a) Measured variables are shown in italic.

(b) Calculafed variables are shown in bold (these are caletlated from measured variables).

NOTES:
(1) Pump(qg
(2) Pump(s

may or may not be included with the-¢oils.

ol F multiplicative cofrection for working-fluid
temperature atRlane 11
ar;, F multiplicatived eorrection
mass flowsrate at Plane 11
T+ multiplicative correction
composition at Plane 11

Thereforej-the correction equation becomes

for working-fluid

aX for working-fluid

11

may or may not be included on heatexchanger intake (Plane 11) and/or discharge (Plane 12), and there may be no cooling towdr.

5-6.5.2.6 Corrected Pressure Drop, Apz_l,co"' For
the corrected pressure drop of the GT inlet air, the fol-
lowing correction factors apply:

am, = multiplicative correction for air mass flow
rate at Plane 1
Ay = multiplicative correction for working-fluid

mass flow rate at Plane 11
Therefore, the correction equation becomes

e
(5-6-31)

T — AT -
*2—1,corr =+2—1,meas “F1

X a/Tfll X amy; X a/Xn

5-6.5.2.5 Measured Pressure Drop, Ap, , ... The
measured pressure drop of the GT inlet air across the
entire chilling system (Plane 1 to Plane 2) is determined
following the guidelines provided in this Code. The
measured air pressure drop of the GT inlet across the
entire chilling system is the bulk average GT inlet air
pressure difference across the entire chilling system.

ApZ—l,corr = Ap2—1,meas X mnl X mfll (5-6-32)

5-6.5.2.7 Measured Temperature Difference of
the Cooling Fluid, Ale_leeas_ The measured tempera-
ture difference of the cooling fluid across the entire chill-
ing system (Plane 12 to Plane 11) is determined following
the guidelines provided in this Code. The measured
cooling-fluid temperature difference is the bulk average
temperature difference across the entire chilling system.
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5-6.5.2.8 Corrected Cooling Fluid Temperature
Difference, Ale—ll,corr. For the corrected cooling-fluid
temperature difference, the following correction factors

apply:
aT y, = multiplicative correction for dry-bulb tem-
perature at Plane 1

= AUX, / 4, 5 (5-6-35)

ﬂmeas
NOTE: Units are often reported in kW /ton, which would require
additional unit conversions.

5-6.5.2.12 Corrected Efficiency, 1, and/or Load,
9., Of the Entire Inlet Chilling System. For the cor-
rected chiller efficiency and/or load, the following cor-
rection factors apply:

ap, = multiplicative correction for barometric pres-
sure at Plane 1

aT ,, = multiplicative correction for wet-bulb tem-
peratireatPlaret

aft, = multiplicative correction for air mass flow
rate at Plane 1

af}y; = multiplicative correction for working-fluid

pressure at Plane 11

alyy; = multiplicative correction for working-fluid
temperature at Plane 11

alfiyy; = multiplicative correction for working-fluid
mass flow rate at Plane 11

aX,, = multiplicative correction for working-fluid
composition at Plane 11

Therefore, the correction equation becomes

ATlZ*ll,corr = ATlZ*ll,meas
X amy X apy; X an‘ll X il X aXy;

X ol X ap; X aT

(5-6-33)

5-6.5.2.9 Measured Pressure Drop of the Cooling Fluid,
APy 11 meas. The measured pressure drop of the cooling
fluid across the entire chilling system (Plane 12 to Plane
11) i$ determined following the guidelines provided in this
Codp. The measured cooling-fluid pressure drop acrss
the gntire chilling system is the bulk average cooling-fluid
prespure difference across the entire chilling system.

5-6.5.2.10 Corrected Pressure Drop ‘of the Cooling
Fluid, Ap;, 4 corr.  For the corrected gooling-fluid pres-
sure|drop, the following correctionfactors apply:

afft, = multiplicative corregtion” for air mass flow
rate at Plane 1

aX,, = multiplicative ¢ostéction for working-fluid
composition at Plane 11

multiplicative® correction for working-fluid
mass flow, fate at Plane 11

Therefore, the.cotrection equation becomes

iy, =

AplZ*ll,corr A\ AplZ*ll,meaS X ary X aXll X mfll (5-6-34)

5-6.5.2.11 Measured Efﬁc'|em;¥ 3 and load

aT,, = multiplicative correction for dry-bilb tem-
perature at Plane 1
ap, = multiplicative correction for baromefric pres-
sure at Plane 1
aT ,, = multiplicative correctiof"for wet-blilb tem-
perature at Plane 1

am; = multiplicative cqrrection for air mpss flow
rate at Plane 1
ap, = multiplicatiy&cetrection for baromefric pres-

sure at Plane2

alyy; = multiplicative correction for working-fluid
temperature at Plane 11

= midtiplicative correction for working-fluid
mass flow rate at Plane 11
aXpy, = multiplicative correction for working-fluid
composition at Plane 11

Therefore, the correction equation for ¢dfficiency
becomes

oty

Teorr — meas X aTdbl X apy X awal X am, ap,
X a/Tf11 X iy X aXfll (5-6-36)

and the correction equation for load becomes

Georr = Dmeas X a/Tdbl X ap, X awal X am, ap,
X anll X iy X a/Xfll (5-6-37)

5-6.5.2.13 Measured Auxiliary Load, AUX, L. The
measured system auxiliary load for the entir'{Chilling
system (Plane 0) is determined following the gfiidelines
provided in this Code. The measured chilling-system
auxiliary load is the auxiliary load for the entir¢ chilling
system.

5-6.5.2.14 Corrected Auxiliary Load, AUX |, =~ For
the corrected auxiliary load of the entire chilling system,
the following correction factors apply:

aT,,, = multiplicative correction for dry-bfilb tem-

G neas, Of the Entire Inlet Chilling System. "“The measured
load of the entire chilling system (Plane 4 to Plane 3) is
determined following the guidelines provided in this
Code. The measured efficiency or load of the entire
chilling system are taken from the bulk average param-
eters across the entire chilling system. The measured
efficiency of the entire chilling system is determined as
follows:

perature at Plane 1
= multiplicative correction for wet-bulb tem-
perature at Plane 1
am, = multiplicative correction for air mass flow
rate at Plane 1
aTyy; = multiplicative correction for working-fluid
temperature at Plane 11
amy, = multiplicative correction for working-fluid
mass flow rate at Plane 11

awal
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Fig. 5-7.1-1 Inlet Heater Test Boundary Diagram
Ap Plane 5, bell mouth
......... Test boundary [Note (1)] Tabs
a Pps
M Pas (Teps: @1, Pps)
i
/ "
\.
Plane 1 -~ Plane 2 -
inlet air 3 air 1o gas turbine
Tap } ’
Tub1 / Tab2 i
RH, | U Twb1
po1 V,
Pb A
Vi D,
A R ) IR S Ca2 (cOnstant)
C,2 (donstant) Plane 4 Plane 3 Paz2 (Fdb2r Twor: Pop)
Twpn [ Tab1: RH1. Tapt, Pop) fluid out fluid in @5tabor Twor: Pop)
Pa1 (Map1: Twprr Pop) qa3 (Vy, Aj)
@1 (Thp1, Twp1s Pop) T Tt3 M2 (Aa2, Tap: Twis Ppp)
qa ( 1r A1) P Pr3
M1 (Gar: Tap1: Twpre Pop) o ars
¢4 (constant) ¢y (constant]
myy, (qy4) mg3 (qs3)
GENERAL NOTES:
(a) Measured variables are shown in italic.
(b) Calculafed variables are shown in bold (these are calculated from measured variables).
NOTE:
(1) For dirdct electrical heaters, this same test boundary applies, with.eléctrical power (Plane 0) replacing fluid in (Plane 3) and fluid out (Plape 4).
Therefore, the correction equation becomes 5-7.2.1 Measured Exit Dry-Bulb Temperafure,
T b2 meas. 1he measured GT compressor inlet air fem-
AUK ) o = AUX( eas X amy X aT g Xood, perature at the exit of the test boundary (Plane P) is
X amygyy X aTy (5-6-38)  determined following the guidelines provided in|this
Code. The final measured air temperature is the pulk
t t t the exit pl f the heater.
5-7 INLET HEATING USING CLOSED-LOOP average temperature at the exit plane of the heater
SYSTEMS (COILS) .
5-7.2.2 Corrected Exit Dry-Bulb Temperature,
5-7.1 Té¢st Boundary for a Closed-Loop Inlet Tdbz’co". The measure.d temperature of the air leajing
Heating System the test boundary that is corrected to base reference fon-
ditions is commonly known as the “corrected exit fem-

Subsedtion 5-7 inclirdes heating systems designed to
transfer leat to thie’GT compressor inlet air stream with no
mass trapsfer-viasthermal or electrical means. An example
would b¢ homogenous heahng fluid channeled through a
set of coils- i
GT compressor mlet air, but no mixing of the heat'mg ﬂL‘lld
and the GT compressor inlet air occurs. Figure 5-7.1-1 shows
a test boundary for the closed-loop inlet heating system.

5-7.2 Test Goals

Subsections 5-1 through 5-3 should be reviewed prior to the
use of para 5-7.2. The most common test goals for closed-loop
inlet heating are described in paras. 5-7.2.1 through 5-7.2.10.
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perature.” To determine corrected exit temperature} the
following correction factors may apply:
= multiplicative correction for dry-bulb

perature at Plane 1

aly, em-

etric

pressure at Plane 1

am, = multiplicative correction for air mass flow
rate at Plane 1

aAUX, = multiplicative correction for heater aux-
iliary energy consumption (electrical or
thermal) at Plane 0

aly = multiplicative correction for working-fluid

temperature at Plane 3
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ag; = multiplicative correction for working-fluid
mass flow rate at Plane 3
Therefore, the correction equation (for thermal heat-
ing) becomes

T =T

db2,corr db2,meas X aTdbl X a/pl X a/ml X QAUXO X aT,

13
(5-7-1)

5-7.2.3 Measured Pressure Drop, Ap, ... The

acrops the heater (Plane 1 — Plane 2) is determined fol-
lowing the guidelines provided in this Code. The meas-
ured pressure drop across the heater is the bulk average
pressure difference across the heater.

5{7.2.4 Corrected Pressure Drop, Ap, , .. For cor-
rect¢d air pressure drop, the following correction factors
appyy:

aft, = multiplicative correction for air mass flow rate
at Plane 1

ani, = multiplicative correction for working-fluid
mass flow rate at Plane 3

Therefore, the correction equation becomes

A77271,corr = A77271,meas X amy X WMy (5-7-2)

5{7.2.5 Measured Auxiliary Load, AUX, ... The
meapured heater auxiliary energy consumption (Plane
0) i determined following the guidelines provided i
this [Code. The auxiliary energy consumption is“the
work done on the working fluid in order for the hedting

system to function properly.

5{7.2.6 Corrected Auxiliary Load, AUX, ~ For cor-
rect¢d auxiliary energy consumption,the following cor-
rection factors apply:

afft, = multiplicative corredtion for air mass flow
rate at Plane 1

af . = multiplicative corsection for dry-bulb temper-
ature at Plang\l

aly; = multiplicafive  correction for working-fluid
temperatiire at Plane 3

alfi; = multiplicative correction for working-fluid
m@ass flow rate at Plane 3

"f:l\erefore, the correction equation becomes

LIX = AUX X amy X al ,, X a3 X a/T3

0,corr 0,meas

5-7.2.8 Corrected Temperature Difference, AT, , -
For the corrected temperature difference of the GT
compressor inlet air, the following correction factors
apply:
ap, = multiplicative correction for barometric pres-
sure at Plane 1
am, = multiplicative correction for air mass flow rate
at Plane 1

ap, = multiplicative correction for working-fluid

aly; = multiplicative correction for working-fluid
temperature at Plane 3

amg; = multiplicative correction for | working-fluid
mass flow rate at Plane 3
Therefore, the correction equatiort (for therrhal heat-
ing) becomes

ATZ*l,corr = ATZ*l,meas X apl X mnl X a,IUZ X aT3 X me
(5-7-4)
5-7.2.9 Measured Heater Efficiency, n{ and/or

Load, g,,..{ The measured heater efficiency] and/or
load are detérmined following the guidelines provided
in this Code. The measured heater efficiency| or load
is taken' from the bulk average parameters a¢ross the
heater. The equation for measured heater effici¢ncy is

- Tl,meas) / (T3,meas - Tl,mea ) (5_7_5)

7711'1eas = (TZ,meas

5-7.2.10 Corrected Heater Efficiency, 7| and/or
Load, Qo For corrected heater efficiency andf or load,
the following correction factors apply:
aT,,, = multiplicative correction for dry blilb tem-
perature at Plane 1

ap, = multiplicative correction for barome}ric pres-
sure at Plane 1

am; = multiplicative correction for air mpss flow
rate at Plane 1

ap, = multiplicative correction for baromefric pres-
sure at Plane 2

Ty, = multiplicative correction for working fluid

temperature at Plane 3
amg; = multiplicative correction for working fluid
mass flow rate at Plane 3

NOTE: Enthalpy may be used as a correction basis nstead of
temperature.

573

5-7.2.7 Measured Temperature Difference, AT, ; ...
The measured temperature difference of the GT compres-
sor inlet air across the heater (Plane 2 — Plane 1) is deter-
mined following the guidelines provided in this Code. The
measured air temperature difference is the bulk average

temperature difference across the heater.

Therefore, the correction equation for efficiency
becomes

X aTdb1 X ap, X amy X ap, X anS X a

Teorr — "meas

(5-7-6)
and the correction equation for load becomes
Georr = Tmeas X aTdbl X ap; X anty X ap,
X aAUXy X Ty X amg X aTy (5-7-7)
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Fig. 5-8.1-1 Compressor Air Heater Test Boundary Diagram

Ap

Plane 5, bell mouth

Tabs
Test boundary Pps

Pas (Taps: @1, Pps)

\4 > \4

Plane 2 ~._
Plane 1 air to gas turbine
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Tap > Tt /
T V, !
RH, / > Az
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A

@2 (Tép2: Twp1s Pp2)

C,o (cotstant)

AV A))

Myz (Qys)
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qdws

¢y (constant)

GENERAL NOTES:
(@) Measured variables are shown in italic.

(b) Calculafed variables are shown in bold (these are calculated from measuredwariables).
(c) This didgram also applies to the closed-tube-type air heaters in which no qiixing occurs.

INLET HEATING USING OPEN-LOOP HEATING
SYSTEMS (COMPRESSOR BLEED)

5-8

5-8.1 Tg¢st Boundary for an Open-Loop Inlet
Heating System

Subse¢tion 5-8 includes heating systems designed to
transfer heat to the GT compressor inletair stream with
mass trahsfer via mechanical/thermal/means. An exam-
ple would be compressor-bleed-injéction heating, where
there is fnixing of the heated-injection air with the cool
GT compressor inlet air., The’assumption is that both
the inlet|stream and th€mixing fluid are gases. Figure
5-8.1-1 shows a test (botindary for the open loop inlet
heating gystem.

5-8.2 Tlst Goals

5-8.2.2 Corrected Exit Dry-Bulb Temperature, T} .
The measured temperature of the air leaving the|test
boundary that is corrected to base reference condi‘Tons
is commonly known as the “corrected exit temperatyre.”
To determine the corrected exit temperature, the follow-
ing correction factors may apply:

aT 5, = multiplicative correction for dry-bulb

perature at Plane 1

ap, = multiplicative correction for barometric pres-

sure at Plane 1
= multiplicative correction for air mass

rate at Plane 1
ol ., = multiplicative correction for injection-]:uid

em-

am, Flow

s temperature at Plane 3
app; = multiplicative correction for injection-
pressure at Plane 3
Therefore, the correction equation (for thermal heat-

uid

Sectiohs 8-1 through 5-3 should he reviewed prior to
the use of subsection 5-8. The most common test goals
for open-loop inlet heating are described in paras. 5-8.2.1
through 5-8.2.10.

5-8.2.1 Measured ExitDry-BulbTemperature, T ,, ...
The measured GT compressor inlet air temperature at
exit of test boundary (Plane 2) is determined following
the guidelines provided in this Code. The final meas-
ured air temperature is the bulk average temperature at

the exit plane of the heater.

gy becomes

Tde,corr = Tde,meas X aTdbl X ap; X amy X anS X a/pf3
(5-8-1)
5-8.2.3 Measured Pressure Drop, Ap,, ... The

measured pressure drop of the GT compressor inlet
air across the heater (Plane 1 — Plane 2) is determined
following the guidelines provided in this Code. The
measured pressure drop across the heater is the bulk
average pressure difference across the heater.
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5-8.2.4 Corrected Pressure Drop, Ap, , . For the
corrected pressure drop of the GT compressor inlet air,
the following correction factors apply:

am, = multiplicative correction for air mass flow rate

at Plane 1

amg = multiplicative  correction for injection-fluid

mass flow rate at Plane 3

Therefore, the correction equation becomes

ap, = multiplicative correction for
pressure at Plane 2

aly; = multiplicative correction  for
temperature at Plane 3

amg, = multiplicative correction for
mass flow rate at Plane 3

Py = multiplicative correction for

pressure at Plane 3
Therefore, the correction equation becomes

injection-fluid
injection-fluid
injection-fluid

injection-fluid

APZ—] corr APZ—] meas X a/”/l1 X a/n/lf’% (5_8_2)
AT271,corr = ATZ*l,meas X a,pl X mnl X ap2 an3
58.2.5 Measured Consumption of the Heater Injection X atttys X apps (5-8-4)
Fluid, Mgy eas.  1he measured consumption (Plane 3) of
heater injection fluid is determined following the guide- 5-8.2.9 Measured Heater Efficiency; Mimeas, and|/or Load,
lineg provided in this Code. Gneass The measured heater efficiency and/orfload are
determined following the guidelines providedl in this
548.2.6 Corrected Consumption of the Heater Injection Code. The measured heater éfficiency is taken [from the
Fluid, mg  ~ For the corrected injection-fluid con-  bulk average parametersideross the heater.
sumjption, the following correction factors apply:
al ;, = multiplicative correction for dry-bulb tem- 5-8.2.10 Corrected-Heater Efficiency, Neorr, and|/or Load,
perature at Plane 1 Q. For corrected heater efficiency and/or load, the
af}; = multiplicative correction for barometric pres-  following cortection factors apply:
sure at Plane 1 aT,,, =4multiplicative correction for dry bull temper-
afft, = multiplicative correction for air mass flow ature at Plane 1
rate at Plane 1 ap, = multiplicative correction for baromefric pres-
al, = multiplicative correction for injection-fluid sure at Plane 1
temperature at Plane 3 am, = multiplicative correction for air mpss flow
aff; = multiplicative correction for injection-fluid rate at Plane 1
pressure at Plane 3 ap, = multiplicative correction for baromefric pres-
Therefore, the correction equation becomes sure at Plane 2
e = M X T X X e X T ey Ay = muliplicaive correcion for injectpn fluid
amg; = multiplicative correction for injection fluid
58.2.7 Measured Temperature Difference, AT, , _ mai’s, ﬂlc,)w rate at Plan,e 3 for iniection fluid
The|measured temperature difference-of the GT com- apys =~ Multiphicative correction for mnjection flul
pressor inlet air across the heater (Plane 2 — Plane 1) pressure at Plane 3
is d¢termined following the guidélines provided in this NOTE: Enthalpy may be used as a correction factor fnstead of
Codp. The measured air temperature difference is the  temperature.
bull average temperature difference across the heater. Therefore, the correction equation for dfficiency
becomes
518.2.8 Corrected.Temperature Difference, AT, , -
For the corrected(témperature difference of the GT com- Teorr = Tmeas < @ X apy X amy X apy X pTe,
prespor inlet aif;the following correction factors apply: X gy X apgy (5-8-5)
ayf, = mifltiplicative correction for barometric pres- and the correction equation for load becomes
stire at Plane 1
a1, ;= "multiplicative correction for air mass flow Teorr = Tmeas X @L gy X apy X amy X ap, X T
Tate at r1ane t a3 X apy (5-8-6)
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Section 6
Report of Results

6-1 GENERAI REQUIRFMENTS

(f) _organization of test personnel

The tgst report shall incorporate all documentation
and infofmation pertaining to the test(s) in a concise and
clear mgnner. The following lists the general require-
ments infa recommended report format:

(a) expcutive summary, described in subsection 6-2

(b) infroduction, described in subsection 6-3

(¢) calculations and results, described in subsection 6-4

(d) in$trumentation and measurements, described in
subsecti¢n 6-5

(e) cohclusion, described in subsection 6-6

(f) appendices, described in subsection 6-7

Other formats are acceptable provided they contain all
informafion described in subsections 6-2 through 6-7.

6-2 EXECUTIVE SUMMARY

The executive summary shall present a brief overview
of the tesf. Definitive statements describing the test, which
consist of the following information, shall be provided:

(a) tegt background information, such as the project
name, loation, date, and time

(b) equipment owner and identification informatien

(c) plant type, cycles, and operating configuration

(d) parties conducting and responsible for the test

(e) object and scope of the test

(f) summary of the results and conclusions of the
test(s), ipcluding uncertainty.

6-3 INTRODUCTION

The irftroduction shallspresent a detailed account of
the backpground and scope of the test as well as include
any additional information about the plant and test
not giveh in the/eXecutive summary. The introduction
should include,\'at minimum, the following essential

informatjon: tag number or address
(a) a priéf history of the equipment operation and d) areference to theappendix containing the docurnen-

date of commercial operation (if necessary)

(b) a description of the equipment to be tested an all
such ancillary equipment that may influence the test

(c) cycle diagrams showing the test boundaries and
test readings

(d) alist of all representatives of the Parties to the Test(s)

(e) pretest agreements not included in the executive
summary
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(g) test goals per Sections 3 and 5 of this Code!

6-4 CALCULATIONS AND RESULTS

The calculations and results should ificlude in detail
all assumptions, data reduction, calgilations, correctjons,
and analysis used to determine theresults and uncertginty
of the test. The following information shall be provided:

(a) the title, issue date,.and’revision number of the
test procedure that appliédito the test

(b) the tabulation, of/overall results of the critical
objectives of the testing program

(c) alist of antyrdeviations to the test procedure
the rationale f0r the deviations

(d) a referénce to the appendix containing the thbu-
lated datajand a reference to the appendix contaiping
the caleulation summary

(@) \direct references to standard conversions, s
tific constants, and property information

(f) supporting information and calculations to
port elimination of data for outlier reasons, or for
other reasons

(¢) a demonstration of the repeatability of the test funs.

and

ien-

SUp-
any

6-5 INSTRUMENTATION AND MEASUREMENT$

The instrumentation and measurements section of th¢ test
report shall detail all the instrumentation utilized in the test.
The following instrument information shall be providefi:

(a) alist of any deviations to the instrumentationfand
measurements included in the test procedure

(b) tabulation of instrumentation used for the|pri-
mary and secondary measurements, including fype,
make, model number, and accuracy class

(c) a description of each instrument’s respegtive
measurement location, connections, and any identiffying

tation of calibration traceability of each test instrument

(e) identification of instruments that were used as
backup

(f) the means of data collection for each data point,
such as temporary or permanent data acquisition sys-
tems or manual data sheets

(g) description and specifications of the data acquisi-
tion system(s) used.
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6-6 CONCLUSION detailed calculation of primary flow rates from applica-
) ) ) ble data, including intermediate results, if required
The conclusion should be included if a more detailed (c) copies of original data sheets, data acquisition
discussion of the test results is required or there are any system(s) printouts, or both
recommendations for changes to future test procedures (d) copies of correction curves utilized in the calcula-
due to “lessons learned.” tion of test results if not previously disclosed in the test
procedure

(e) copies of operational information during the
test, such as operation logs, control system printouts,

6-7 APPENDICES

Tlyre . re—testrerorts comp ALY OF—6 eeoreing-ofoperatingaetiviy
infofmation not practical to include in the body of the (f) copies of signed valve line-up sheets“ahd other
repdrt, such as, but not limited to, the following: documentation indicating required test configuration

(a) tabulation of the reduced data necessary to calcu-  and disposition of operation
late fhe results and any additional operating conditions (¢) instrumentation calibration resuilts from Jaborato-
not part of such reduced data ries and certification from manufacttirers

(b} asummary of results of each step of the calculation (h) documentation of the pretest and posttes} calibra-

prodedure as defined by the test procedure, including  tion traceability of each testinstrument.
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Section 7
Test Uncertainty

7-3 FRROR SOURCFS

tains the| true value with a given probability, or level of
confiderfce. It is based on calculations involving prob-
ability theory, instrumentation information, calculation

e, and actual test data. ASME PTC 19.1 is the
hince Test Code Supplement that covers general
procedutes for calculation of test uncertainty. Uncertainty
shall be |calculated for a 95% level of confidence. This
means that there is a 95% probability that the true value
of perfofmance lies within the uncertainty interval. It
also medns that there is a 2.5% probability that the true
value lies below the lower level and a 2.5% probability
that it ligs above the upper level of the interval.

procedu
Perform

7-2 INPUTS FOR AN UNCERTAINTY ANALYSIS

To perform an uncertainty analysis on the test result(s),
two sets|of inputs are required: estimates of the uncer-
tainties ¢f each of the required measurements, and sen-
sitivity cpefficients.

7-2.1 Egtimates of the Uncertainties of Each of the

quired Measurements

Two |fypes of uncertainties make,_tp  the total
uncertaifty:

varies dyring repeated measurements. It may be reduced by
i ing both the number ofinstruments used to measure
a given parameter, and the Rumber of readings taken.

(b) Syptematic or fixedserror. This is usually an accu-
mulation) of individual errors not eliminated through
calibratipn. It is@€onstant value despite repeated meas-
urementp, and\is frequently difficult to quantify.

The tqtal.uncertainty is calculated from the root sum
square

nantc (coq

It is necessary to identify the error sources that il(fect
the test result, and to characterize them as systematjic or
random.

7-4 CALCULATION OF UNCERTAINTY

The uncertainty of the result is the root sum sqpare
value of the uncertainty for\¢ach measurement mul-
tiplied by the sensitivity-coefficient of the paramgter.
Simplified equations for'6verall uncertainty are shpwn
below. The Code user should consult subsectior] 7-1
for specific derivation and assumptions behind gach
of the equatiens/to determine their applicability.

U, =2 2(@%] +2(®151)2:|
2/ Bi 21105
UR =2 [Z(G) 1{(3) +Si }]
UR = [2(®i{Biz + (251')2}]0»5
Uy = [2(®2;‘UT1'2)]0'5
or
uR — [2 Ui2]0.5
where

B; = systematic error of parameter i

S, = standard deviation of the mean of parameter i
U. = uncertainty due to parameter i

U, = uncertainty of the result

Uy; = combined random and systematic error of

xzokaa ot calalo.
Sy Sttt COT P OnCRto (ot

ASME PTC 19.1).

7-2.2 Sensitivity Coefficients

Sensitivities, or influence coefficients, are defined here
as sensitivity coefficients. Each of the parameters meas-
ured has an influence on corrected performance. These
sensitivities are a function of the specific performance
parameter and plant design, and can be calculated based
on the correction procedure described in Section 5.
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parameter i
O, = sensitivity coefficient of parameter
In developing the estimate of test uncertainty, care shall
be taken to consider correlated uncertainties (see ASME
PTC 19.1 and subsection 7-5).

For each parameter, the random uncertainty has
been estimated as 2S_, and the systematic error has
been estimated at 95% confidence as B,. This reflects
the desire to have a 95% confidence level that the true
value lies within +U,, of the mean. S; can be calcu-
lated from
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R S ST
¥ \/M k=1 (N_l)

where
M = number of independent readings
N = number of measurements
S, = the standard deviation of the mean
X, = individual measurement value

7-6 MEASUREMENTS

Prior to the test, the variables and their sensitivity
coefficients are tabularized in a format similar to that
shown in Nonmandatory Appendix B.

7-7 ESTIMATED UNCERTAINTIES

Uncertainties should be determined based on the phys-
ical properties of the instruments and the physical condi-

X——TTean

CORRELATED AND NONCORRELATED
APPROACHES TO UNCERTAINTY
MEASUREMENT

7-5

en listing all sources of uncertainty from different
categories, the sources should be defined where pos-
sibld so that the uncertainties in the various sources are
indgpendent of each other. The parameters and their

ere are many situations where systematic errors from
somp of the parameters are not independent. Examples
inclyde using the same instrument to measure different
parineters, calibrating different instruments against the
samg standard, or using similar instruments to measure
ame parameter. In these cases, some of the systemi-
errors are said to be correlated and these nefinde-
ent errors must be considered in the detérimination

tial transformers purchased from the.same factory
same point in time may exhibit a.characteristic bias
thatfis dependent upon the specificequipment, materials,
and [processes used in their manufacture. Similar effects
may| be seen with flow-metering devices, temperature-
meapurement devices, or pressure transmitters.

e handling of correlated uncertainties can be difficult,
and for partial correlation can be particularly so, since it uses
matlematically complex procedures to establish the covari-
ances. As such, for-most practical applications, the simpler
techpiques as/described below should be performed to esti-

tions of the measurands that persist at the time of the test,
following the guidelines established in ASME IFTC 19.1.
For uncertainty elements that cannot bé)teadily quanti-
fied at the time of the test using a redsonable ajnount of
instrumentation, prior test experienée)can be copsidered.
When prior test experience must’ be considefed, suit-
able documentation of the @rior experience should be
included for all parties toseview. Estimates shodld reflect
the 95% confidence level'ised for ASME PTC Cqdes. The
values used in the_tables of Nonmandatory Appendix
B are representative/ of those achievable with gppropri-
ate selection of ifistruments, number of readingp, etc. As
shown, the total uncertainty of each parameter rpeets the
Code requirement for that measurement.

7-8<-POSTTEST UNCERTAINTY ANALYSIS

A posttest uncertainty analysis shall be conducted to
verify the assumptions made in the pretest unfertainty
analysis. In particular, the data should be exanpined for
sudden shifts and outliers. The assumptions foil random
errors and sensitivity factors should be checked py deter-
mining the degrees of freedom, the standard deviation
of each measurement, and the actual test conditions.

7-9 REPEATABILITY

Paragraphs 3-3.6 and 3-3.7 provide guidande on the
expected repeatability of test results.

7-10 SPATIAL SYSTEMATIC UNCERTAINTY

Spatial systematic uncertainty errors occu
the measurement of a spatially diverse samplg
error is defined as the difference between the t

during
. Spatial
ue aver-

matg the effects of correlated systematic uncertainties. age value of a parameter and the average produced by
If the mathematical relationship of the correlated param-  an array of instruments used to measure the pdrameter.
eters_cannot be redefined to eliminate the correlations Spatial errors for an inlet cooler or heater test will occur

experience and engineering judgment is required to esti-
mate the degree of correlation. One approach is to use an
analysis technique that divides the sources of uncertainty
into correlated and uncorrelated and carry out parallel
analyses adding contributions linearly for the correlated
sources and by root sum square for the uncorrelated as
described in ASME PTC 19.1.

An alternate approach is to perform uncertainty anal-
yses based on fully correlated and uncorrelated meas-
urements to establish a range.
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during the measurement of any spatially diverse param-
eter, including inlet wet-bulb and dry-bulb tempera-
tures, humidity, and outlet air temperature.
Consideration of the parameter sensitivity to the test
result will provide guidance to the number of meas-
urement stations required to conduct a test that meets
Code uncertainty requirements. This determination
should be made as part of the pretest uncertainty anal-
ysis. The minimum number of measurement points
recommended for the calculation of spatial uncertainty
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Table 7-10-1 Spatial Systematic Uncertainty Calculation (Step-by-Step)

Step Description Symbol Formula Value
1 Number of stations M =1+1+1+1+1+1+1+1+1 9.0
2 Average of the air temperatures X = (72.89 + 73.06 + 74.03 + 74.33 + 74.82 + 75.81 74.99
+76.05 +76.52 +77.42) | 9
3 Standard deviation SSPGM, [(72.89 — 74.99) + (73.06 — 1.563
74.99)° + (74.03 — 74.99)" + (74.33 —
74.99)" +(74.82 —74.99)" + (75.81 —
74.99)° + (76.05 — 74.99)* + (76.52 —
= | 74.99) + (77.42 — 74.99)’]
g Student’s t_1 Per cumulative distribution function 2.306
Spatial systematic uncertainty Bgp = 1.563 X 2.306 / /9 1.201
Fig. 7-10-1 Outlet Air Temperature Distribution at the Outlet of an Evaporative Condenser
Average temperature 72.89 73.06 74.03
Average temperature 74.33 74.82 75.81
Average temperature 76.05 76.52 77.42
should He determined in accordance with.the guidance
of para. }-3.6.3.1. In practice, the potential for interfer-
ence fron nearby heat sources or humidity sources will S patial =
impact the variability of the parameter across the plane
of meastfirement and dictate the' nwdmber of instruments where
required to determine a reptesentative average. B o= systematic uncertainty due to spatial
Spatia} uncertainties aresealculated from the average of variation
local mepsurements in-space and are thus independent M = the number of measurement locations
of time. [n general, spatial distributions are not random. Sqputia= Standard deviation
That is, there is & definite pattern in the variation of the t,_, = student t value for m — 1 degrees of
test parametersin space. In principle, the uncertainty asso- B freedom
ciated wijth this variation could be calculated as an inte- Xk = time-averaged value at the measurement
gration drror because a finite set of measurements cannot location k

determine the stream conditions in between the measure-
ment points; this variation contributes to the systematic
uncertainty.

Per the guidelines of ASME PTC 19.1 [eq. (4-3.5)],
spatial uncertainties are calculated from the following
formula:

Ssputiul tmfl

v IM
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X = average value of the group of measurements
Table 7-10-1 and Fig. 7-10-1 illustrate the calculation
of a spatial uncertainty associated with the distribution
on the outlet of an evaporative condenser.
If inlet air enters in more than one area (defined by
a physical separation), the spatial uncertainty of each
area may be calculated separately. When combining the
uncertainties, it is necessary to weight the uncertainties
by area or velocity, using the same weighting factors used
to produce the average.
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NONMANDATORY APPENDIX A
METHOD OF TESTING ATOMIZING NOZZLES

A-1.2 Tests Included

INTI.Q.D.LI.(II.O.N
Tlhis protocol is a standalone test protocol to be exe-

cuted in a laboratory environment. It is intended to be
used to standardize the testing and results when con-
cernp are raised about the capabilities of nozzles.

Oyer the past decade and especially over the past five
years, the application of inlet fogging for the power aug-
menjtation of gas turbines has become increasingly pop-
ular] It is estimated that approximately 700 gas turbines
worldwide have fogging systems at this time, including
sevdral new F-class gas turbines.

Almajor problem faced by gas turbine users consider-
ing fhe utilization of inlet fogging is that different fog
nozzle manufacturers and suppliers present data in very
diffdrent formats and under different operating condi-
tiong. In this protocol, the key operating parameters
thatfare pivotal in uniform wind tunnel testing are spe-
cificplly documented and a standard method of test and
datd presentation is recommended.

Atflherence to this protocol should provide consistent
intefnozzle performance rankings for tests carried out
e laboratories of fogger nozzle suppliers, ‘ttrbine
ine manufacturers, and turbine system purchasers.

asurements should be conducted jiri\accordance
optimal measurement procedures. However,
expgrimental conditions may not alloWw, complete adher-
encq to this standard. Where this(isthe case, all devia-
tion$ from the standard shall bé dpcumented.
en comparing the performance of two or more noz-
zles |the tests should be perfformed by the same laboratory
durihg the same day oxrtime period to eliminate as many
test variables as possible. Relying on test data from dif-
ferent laboratories-or. different time periods increases the
uncgrtainty valuethat may make the results misleading.
This Appendix establishes a uniform method of

use
huntidifics
generation.

n.fogging systems for evaporative air-cooling and

A-1 OBJECTIVE AND SCOPE

A-1.1 Scope

The scope of this Appendix covers a method of testing
for droplet size, droplet distribution, spray angle, and
water flow rate of high-pressure nozzles.
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Covered tests also include the methods for nf
droplet size and distribution, water pressufe‘and
ture, and air velocity and relative humidity. In the
assisted nozzles, air pressure and flow;shall also bg

A-1.3 Use of Ratings

The ratings resulting ffom'application of th
col are intended for use\by manufacturers, s
installers, and users“of high-pressure nozzles
evaporative cooling{and humidification.

easuring

tempera-

hse of air-
tested.

is proto-
becifiers,
used for

A-2 DEFINITIONS AND DESCRIPTION OF TERMS

A-2.1_Symbols

The’symbols in Table A-2.1-1 are used unle
wise defined in text.
A-2.2 Subscripts

The following subscripts are used unless o
defined in text:

Es other-

therwise

Subscript Description

0 Plane 0

1 Plane 1

2 Plane 2

3 Plane 3

4 Plane 4

n Nominal
std Standard

X Plane 0, 1, 2, ... as appropriate

used in this Nonmandatory Appendix:
— air-assisted nozzle

— atomizing nozzle

— cocurrent flow

- D, [arithmetic mean diameter (AMD)]

- D,, [surface area mean diameter (SAMD)]

- D,, [surface area-length (absorption) diameter]

- Dy, [volume mean diameter (VMD)]
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Table A-2.1-1 Symbols

Symbol Description Sl Unit
A Area of cross section of tunnel at nozzle m?
Ay Surface area of the droplet m?
ADor D, Absorption diameter pym
AMDor D, Arithmetic mean diameter um
cv Concentration volume ppm
Dd Droplet diameter pm
ED or D, Evaporative diameter pym
MMD or Dy, Mass median diameter um
n Number of readings Dimensionless
Py Ambient barometer pressure Pa
Q, Airflow rate m3/s
Q, Water flow rate /s
SAMD Surface area mean diameter U
SMD or D, Sauter mean diameter pm
Span Range of values Dimensionless
SSA Specific surface area m?/cc
Ty Dry-bulb temperature at Plane X °C
Tox Wet-bulb temperature at Plane X °C
v Air velocity at nozzle m/s
Vel Droplet relative velocity m/s
vd Droplet volume m3
VMD or Dy, Volume mean diameter pm
p Density of the-air kg/m3
p Sum
- D, [volume length (evaporative) diameter (ED)] — spatial technique
- D,, [sauter mean diameter (SMD)] — swirl nozzle
NOTE: Additional information on the/diameter definitions can - temporal tECh”iq ue
be fogind in the standards listed.at the end of Nonmandatory — test o
Appendix A under “Additional Useful Documents.” - t’ians Tm's sion )
_ dimelusionless groups — vignetting (optical cutoff)
- Du,,|(also known.as Dv
- Dv;); Ealso knewn as Dvés,) or mass median diameter A-2.4 Units of Measure
MMD)] The units of measure used in this Appendix age as
- Du,| (also-known as Dv,,) follows:
— flux feclimique (a) Flow rate. The unit of flow rate for air is the qubic

— impingement nozzle

— ligament

— light-scattering (diffraction) instrument

— Nukiyama-Tanasawa

— obscuration (optical concentration)

— records

— relative span factor (RSF)

— Rosin-Rammler [Rosin Rammler Sperling
Bennett (RRSB)]

meter per second, m”/s. The unit of flow rate for water
is the liter per second, 1/s.

(b) Velocity. The unit of velocity is the meter per sec-
ond, m/s.

(c) Gas properties. The unit of density is the kilogram
per cubic meter, kg/m3.

(d) Pressure. The unit of pressure is the bar. The mm
mercury column shall be based on a 1-mm column of
mercury at 0°C, under standard gravity in vacuum.
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