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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The following
information isbasedon thatdocumentand is includedhere for emphasis and for the convenienceof theuserof theCode. It
is expected that the Codeuser is fully cognizant of Sections 1 and3ofASMEPTC1andhas read themprior to applying this
Code.
ASMEPerformanceTestCodesprovide testprocedures that yield resultsof thehighest level of accuracyconsistentwith

the best engineering knowledge and practice currently available. They were developed by balanced committees repre-
senting all concerned interests and specify procedures, instrumentation, equipment-operating requirements, calculation
methods, and uncertainty analysis.
When tests are run in accordancewith a code, the test results themselves,without adjustment for uncertainty, yield the

best available indication of the actual performance of the tested equipment. ASMEPerformanceTest Codes donot specify
means to compare those resultswith contractual guarantees. Therefore, it is recommended that the parties to a commer-
cial test agree before starting the test and preferably before signing the contract on themethod to be used for comparing
the test results with the contractual guarantees. It is beyond the scope of any code to determine or interpret how such
comparisons shall be made.
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FOREWORD

In the early 2000s, concentrating solar power (CSP) plants were being built in several locations around theworld. The
plants varied in size and in the type of technology they used, but they shared at least one difficulty: therewas no industry
standard for testing theirperformance. Recognizing the importanceof developingaperformance test code (PTC) for solar
power plants, ASME brought together in July 2009 more than 30 electric-power industry volunteers from several coun-
tries to beginwork on ASMEPTC 52. This diverse group provided insight into each of the relevant technologies aswell as
expertise in plant design, power plant operation, and performance testing requirements. After agreeing that the industry
neededaCode for acceptance testingof CSPplants, theCommitteedecided to limit the scopeof theCode toCSPplants. The
Code is intended for facilities that convert solar radiation into thermal energy for their own use. In most cases, the CSP
plant is part of a complete electric power generation facility with CSP replacing fossil fuel as the thermal energy source.
The Code does not address any photovoltaic solar fields or other systems where a heat balance at the boundary of the
thermal system cannot be evaluated separately (e.g., dish-Stirling systems).
Initially, the Code was going to cover each CSP technology individually (tower, trough, linear Fresnel, storage, etc.).

However, after a few meetings the Committee realized that if the solar field components were all kept within the test
boundary and if the testingwas concernedonlywith the energy streams crossing the boundary, all the technologies could
be tested using the same guidelines. The final Code reflects this approach.
To prepare the Code, the Committee faced two fundamental differences between an acceptance test for a CSP plant and

a test for aconventional fossil-firedsystem.The firstdifference is the transientnatureof theenergysource, and thesecond
is theneed to consider the roleof ananalytical performancemodel in the acceptanceprocess. These factorsbring intoplay
the impacts of transient processes, uncertainties introduced by amodel, and the need to test the accuracy of themodel in
predicting long-termperformance.Thatmeans consideringdaily, seasonal, andannual solar cycleswithin the scopeof the
acceptance test procedure. Different types of tests are described in the Code, including short-term steady-state tests and
longer multiday tests.
Facilities that include thermal energy storage facilities canalsobe testedusing thisCode, so longas the storage iswithin

the test boundary. The Committee has also developed an appendix to discuss the approach for testing thermal energy
storage systems independently.
The Committee recognizes that the development of new technologies, processes, and fluids is ongoing and may bring

changes and improvements to the design, operation, efficiency, and output potential of the existing technologies,
processes, and fluids. This Code has considered the range of conventional, proven CSP methods as those are relevant
at this time. These technologies include

(a) parabolic trough with linear receiver(s)
(b) compact linear Fresnel reflectors with linear receiver(s)
(c) central tower receiver with a heliostat field (both open and cavity style receivers)
(d) thermal energy storage using a hot tank–cold tank system
Systems using different technologies than those listed can also be tested for acceptance using the guidance of ASME

PTC 52.
This Code was approved by the PTC 52 Committee and the PTC Standards Committee on August 1, 2019. It was then

approved as an American National Standard by the ANSI Board of Standards Review on March 23, 2020.
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the consensus of concerned
interests. As such, users of this Codemay interact with the Committee by requesting interpretations, proposing revisions
or a case, and attending Committee meetings. Correspondence should be addressed to:

Secretary, PTC Standards Committee
The American Society of Mechanical Engineers
Two Park Avenue
New York, NY 10016-5990
http://go.asme.org/Inquiry

Proposing Revisions. Revisions are made periodically to the Code to incorporate changes that appear necessary or
desirable, as demonstrated by the experience gained from the application of the Code. Approved revisions will be
published periodically.
The Committee welcomes proposals for revisions to this Code. Such proposals should be as specific as possible, citing

the paragraphnumber(s), the proposedwording, and adetaileddescription of the reasons for the proposal, including any
pertinent documentation.

Proposing a Case. Casesmay be issued to provide alternative rules when justified, to permit early implementation of
an approved revision when the need is urgent, or to provide rules not covered by existing provisions. Cases are effective
immediately upon ASME approval and shall be posted on the ASME Committee web page.
Requests for Cases shall provide a Statement of Need and Background Information. The request should identify the

Code and the paragraph, figure, or table number(s), and bewritten as aQuestion andReply in the same format as existing
Cases. Requests for Cases should also indicate the applicable edition(s) of the Code to which the proposed Case applies.

Interpretations. Upon request, the PTC Standards Committeewill render an interpretation of any requirement of the
Code. Interpretations can only be rendered in response to a written request sent to the Secretary of the PTC Standards
Committee.
Requests for interpretation should preferably be submitted through the online Interpretation Submittal Form. The

form is accessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will receive an
automatic e-mail confirming receipt.
If the Inquirer is unable to use the online form, he/she may mail the request to the Secretary of the PTC Standards

Committee at the above address. The request for an interpretation should be clear and unambiguous. It is further rec-
ommended that the Inquirer submit his/her request in the following format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry in one or two words.
Edition: Cite the applicable edition of the Code for which the interpretation is being requested.
Question: Phrase the question as a request for an interpretation of a specific requirement suitable for

general understanding and use, not as a request for an approval of a proprietary design or
situation. Please provide a condensed andprecise question, composed in such away that a
“yes” or “no” reply is acceptable.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as needed. If
entering replies to more than one question, please number the questions and replies.

Background Information: Provide the Committee with any background information that will assist the Committee in
understanding the inquiry. The Inquirer may also include any plans or drawings that are
necessary to explain the question; however, they should not contain proprietary names or
information.

Requests that arenot in the format describedabovemaybe rewritten in the appropriate formatby theCommitteeprior
to being answered, which may inadvertently change the intent of the original request.
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Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or
understandingof theCoderequirements. If, basedon the inquiry informationsubmitted, it is theopinionof theCommittee
that the Inquirer should seek assistance, the inquiry will be returned with the recommendation that such assistance be
obtained.
ASMEprocedures provide for reconsideration of any interpretationwhen or if additional information thatmight affect

an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
device, or activity.

Attending Committee Meetings. The PTC Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Personswishing to attend anymeeting and/or telephone conference should contact the
Secretaryof thePTCStandardsCommittee. FutureCommitteemeetingdates and locations canbe foundon theCommittee
Page at http://go.asme.org/PTCcommittee.
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Section 1
Object and Scope

1-1 OBJECT

This Code provides procedures, methods, and definitions for performance testing the solar-to-thermal conversion
systems (i.e., solar thermal systems) associated with concentrating solar power (CSP) plants of parabolic trough, linear
Fresnel, and power tower designs.
Accurate instrumentation andmeasurement techniques shall be used to determine the following performance results:
(a) thermal power output of solar field
(b) thermal energy production of solar field
(c) solar thermal efficiency
(d) heat transfer fluid (HTF) system parameters1
(e) auxiliary loads
This Code also provides methods for calculating performance test results.
The level to which the solar field can be tested is directly affected by the actual direct normal irradiance (DNI),

performance of the downstream equipment (which is not part of this Code), and ambient conditions. Therefore,
the parties to the test should pay particular attention to the combined effect of actual test conditions compared to
the design values.

1-2 SCOPE

This Code applies to testing of solar-to-thermal conversion systems for parabolic trough, linear Fresnel, and power
tower CSP systems. A unique feature of these systems is the variability of the input energy from the sun. Therefore,
recommendations regarding the instrumentation required to measure the DNI are provided in this Code.
This Code also provides guidance on thermal energy storage systems that are often integral parts of CSP plant designs.

This Code recognizes that many forms of energy storage systemswith varying test goals are likely to be of interest to the
industry. In the absence of any other Code-level guidance, this Code provides input related to testing thermal storage
systems in Nonmandatory Appendix A.
This Code does not apply to systems where a heat balance at the boundary of the thermal system cannot be evaluated

separately, such as
(a) concentrating photovoltaics (CPV) plants
(b) concentrating photovoltaics and thermal (CPT) plants
(c) concentrating thermophotovoltaics (CTPV) plants
(d) dish and engine plants
This Code contains methods for conducting and reporting performance tests of solar-energy-to-thermal-energy

conversion systems that may include thermal energy storage systems. This Code includes requirements for pretest
arrangements, testing methods, instrumentation, recommendations for measurement, and methods (or guidelines)
for calculating test results and uncertainty. This Code does not apply to the determination of balance-of-plant or
power-cycle performance.

1-3 UNCERTAINTY

A primary goal of this Code is to achieve test results of the lowest uncertainty consistent with the best engineering
knowledge and practice in the industry while taking into account test costs and the value of information obtained from
testing. The nature of CSP plants and their various design configurations result in a wide variation in the expected
uncertainty of test results. Uncertainty levels are dependent on the technology used, varying ambient conditions,
measurement uncertainty, and mode of operation during a test. There can be significant variation in the parameters
that must be measured and the suitable instrumentation for doing so. For instance, testing in a location with a high

1 Parameters include temperature, pressure, and flow.
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variability of DNI due to changing cloud cover may cause the uncertainty to increase significantly. There are many site-
specific ambient conditions that are unpredictable and uncontrollable.
Because of the significant variation in technology, types ofmeasurements thatmust bemade, and the differing levels of

achievable uncertainty in individual measurements, it is not practical to define a fixed, Code-required maximum allow-
able test uncertainty that shall be met. Instead, an upper limit for the uncertainty of each type of measurement is
established. The combination of uncertainty from all individual measurements then defines the acceptable upper
limit of overall test uncertainty for a given configuration.
A pretest uncertainty analysis is required as part of this approach. It is used to determine the uncertainty for the actual

test. The pretest analysis considers not only the test goals and the test boundary but also possible parameter-measure-
ment locations and their related uncertainties. Thus, the pretest analysis helps identifymeasurement locations that have
lowuncertainties andmeet test goals. The test uncertainty shall be calculated in accordancewith the procedures defined
herein and by ASME PTC 19.1.
A post-test uncertainty analysis is also required. It is used to determine the uncertainty for the actual test. This analysis

should confirm the pretest systematic and random uncertainty estimates and validate the quality of the test results.
Deviations fromthemethods required in thisCodeare acceptableonly if it canbedemonstrated that theyprovide equal

or lower uncertainty.
Test uncertainties are calculated solely to quantify the test quality and are not to be confusedwith other commercially

negotiated quantities, such as test tolerances that may be contractually agreed to by parties to a test. Commercial agree-
ments are beyond the scope of this Code.

1-4 REFERENCES

The applicable provisions of ASME PTC 1 are a mandatory part of this Code. To the extent they are applicable to CSP
testing, the Instruments and Apparatus Supplements to ASME Performance Test Codes (ASME PTC 19 series) should be
consulted when selecting the instruments and when calculating test uncertainties.
The following is a list of publications listed in this Code:

AGA Report No. 8-1992, Compressibility Factors of Natural Gas and Other Related Hydrocarbon Gases
Publisher: American Gas Association (AGA), 400 North Capitol Street, NW, Washington, DC 20001
(www.aga.org)

ANSI/IEEE 120‐1989, Master Test Guide for Electrical Measurements in Power Circuits
Publisher: Institute of Electrical and Electronics Engineers, Inc. (IEEE), 445 Hoes Lane, Piscataway, NJ 08854
(www.ieee.org)

ASMEMFC5.1-2011 (R2018),Measurement of LiquidFlow inClosedConduitsUsingTransit-TimeUltrasonic Flowmeters
ASME MFC 6-2013, Measurement of Fluid Flow in Pipes Using Vortex Flowmeters
ASME PTC 1-2015, General Instructions
ASME PTC 4.4-2008 (R2013), Gas Turbine Heat Recovery Steam Generators
ASME PTC 12.4-1992 (R2019), Moisture Separator Reheaters
ASME PTC 19.1-2018, Test Uncertainty
ASME PTC 19.2-2010 (R2020), Pressure Measurement
ASME PTC 19.3-1974 (R2004), Temperature Measurement
ASME PTC 19.5-2004 (R2013), Flow Measurement
ASME PTC 19.6-2018, Electrical Power Measurements
ASME PTC 19.22-2007 (R2017), Data Acquisition Systems
ASME PTC 22-2014, Gas Turbines
ASME PTC 46-2015, Overall Plant Performance
Publisher: The American Society of Mechanical Engineers (ASME), Two Park Avenue, New York, NY 10016-5990
(www.asme.org)

ASTM D445, Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (and Calculation of
Dynamic Viscosity)

ASTMD1480, Standard Test Method for Density and Relative Density (Specific Gravity) of ViscousMaterials by Bingham
Pycnometer

ASTMD3588, StandardPractice for CalculatingHeat Value, Compressibility Factor, andRelativeDensity of Gaseous Fuels
ASTM E903-12, Standard Test Method for Solar Absorptance, Reflectance, and Transmittance of Materials Using Inte-
grating Spheres
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ASTM E1137/E1137M-08(2014), Standard Specification for Industrial Platinum Resistance Thermometers
ASTM MNL 12, Manual on the Use of Thermocouples in Temperature Measurement
Publisher: American Society for Testing andMaterials (ASTM International), 100 Barr Harbor Drive, P.O. Box C700,West
Conshohocken, PA 19428-2959 (www.astm.org)

IAPWS-IF97(2012), Industrial Formulation 1997 for the Thermodynamic Properties of Water and Steam
Publisher: The International Association for the Properties of Water and Steam (IAPWS) (www.iapws.org)

ISO 2186-07, Fluid flow in closed conduits — Connections for pressure signal transmissions between primary and
secondary elements

Publisher: International Organization for Standardization (ISO), Central Secretariat, Chemin de Blandonnet 8, Case
Postale 401, 1214 Vernier, Geneva, Switzerland (www.iso.org)

ITS-90, NIST Technical Note 1265, Guidelines for Realizing International Temperature Scale of 1990
Publisher: National Institute of Standards andTechnology (NIST), 100BureauDrive, Stop 1070, Gaithersburg,MD20899
(www.nist.gov)

NREL/SR-5500-57272-2013, Utility-Scale Power Tower Solar Systems: Performance Acceptance and Test Guidelines
NREL/TP-550-47465-2010, Concentrating Solar Power: Best Practices Handbook for the Collection and Use of Solar
Resource Data

Publisher: National Renewable Energy Laboratory (NREL), 15013 Denver West Parkway, Golden, CO 80401
(www.nrel.gov)
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Section 2
Definitions and Descriptions of Terms

2-1 DEFINITIONS
absolute pressure: the pressure of a fluid relative to absolute vacuum, often calculated as the algebraic sum of the atmo-
spheric pressure and gauge pressure.
absolute pressure transmitter: an instrument thatmeasures pressure referenced to absolute zero pressure and transmits
the information.
absorptance: the ratio of radiant energy absorbed to the total radiant energy incident upon a surface.
acceptance test: the evaluating action(s) to determine if a new or modified piece of equipment satisfactorily meets its
performance criteria, permitting the purchaser to "accept" it from the supplier.
accuracy: the closeness of agreement between a measured value and the true value.
ambient air temperature: the air temperature asmeasured at agreed-on location(s). The parties to the test shall agree on
the representative location(s). Theword “ambient” as used in the Code shallmean the physical properties of the air at the
agreed-on location(s).
aperture area: the projection of the active reflective surface of the collector, subtracting any gaps betweenmirrors, on the
aperture plane. The aperture plane is the plane that contains the twononcoincident lines delineating the outer rimsof the
solar collector.
aperture normal irradiance (ANI): DNI vector normal to aperture plane.
atmospheric pressure: the force per unit area exerted by the atmosphere. Standard atmospheric pressure is 760 mm
(22.92 in.) of mercury at 15°C (59°F). This is equivalent to 101.325 kPa (14.696 psia).
auxiliary firing: the combustion of fuel to heat the heat transfer fluid or working fluid.
auxiliary heat input: the thermal energy input to the heat transfer fluid orworking fluid frompumps, heaters, and similar
devices.
auxiliary power: the electric power used in the operation of the plant or elsewhere as defined by the test boundary. Also
commonly referred to as "auxiliary load."
barometric pressure: the force per unit area exerted by the local atmosphere.
blowdown:water discharged froma system, such as froman evaporator, to control the concentration ofminerals or other
impurities.
calibration: the process of comparing the response of an instrument to a standard instrument over some measurement
range and adjusting the instrument, if appropriate, to match the standard.
calibration drift: a shift in the calibration characteristics.
cleanliness factor: the ratio of energy flux reflected and/or transmitted by a soiled surface to energy flux reflected and/or
transmittedby the samesurface inperfectly clean condition. Sometimes the termsoiling factor is used, and themeaning is
the inverse of cleanliness factor.
coefficient of discharge, Cd: the ratio of the measured relieving capacity to the theoretical relieving capacity.
concentrating solar power (CSP): technologies used to collect and focus solar thermal energy.
confidence level:

(a) a percentage value such that if a very large number of determinations of a variable are made, there is a percent
probability that the true value will fall within the interval defined by themean plus or minus the uncertainty. A value for
uncertainty ismeaningful only if it is associatedwith a specific confidence level. As used in this Code, all uncertainties are
assumed to be at the 95% confidence level. If the number of determinations of a variable is large and if the values are

ASME PTC 52-2020

4

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 52
 20

20

https://asmenormdoc.com/api2/?name=ASME PTC 52 2020.pdf


normally distributed, the uncertainty at the 95% confidence level is approximately twice the standard deviation of the
mean of the values.

(b) the probability that the true value fallswithin the specified limits in a variable evaluated at a desired test operating
point.
differential pressure: the difference between the inlet pressure and the discharge pressure.
direct normal irradiance (DNI): the direct (nondiffuse) solar radiation on a plane normal to the sun’s ray.
dry-bulb temperature, td: the temperature measured by a dry thermometer or other dry sensor.
economizer:aheat recoverydevicedesigned to transferheatbetween fluids, locatedupstreamin the feedwaterpathof the
evaporator. Also known as a preheater.
efficiency, conversion: the ratio of the useful energyproducedby the system to that of the total energy entering the system.
empirical formulation: a mathematical formulation of observed data.
error: the difference between the measurand and its corresponding true value where the measurand is the particular
quantity that is being measured or estimated.

error, bias: see error, systematic.
error, measurement: the true, unknown difference between the measured value and the true value.
error, precision: see error, random.
error, random, εr: sometimes calledprecisionerror, randomerror is a statistical quantity that is expected tobenormally

distributed. Randomerror results from the fact that repeatedmeasurements of the samequantity by the samemeasuring
system operated by the same personnel do not yield identical values.

error, systematic, â: the portion of total error that remains constant in repeated measurements of the true value
throughout a test process.

error, total: the difference between the true value and the measured value; this includes both the random and
systematic errors.

error, total (measurement), ä: the true, unknowndifferencebetween theassignedvalueof aparameteror test result and
the true value.
evaporator: a heat transfer section wherein feedwater is vaporized. Also known as a boiler or steam generator.
feedwater: water entering an evaporator or economizer section.
field calibration: the process by which calibrations are performed under conditions that are less controlled than the
laboratory calibrations with less rigorous measurement and test equipment than provided under a laboratory calibra-
tion.
flow metering run: the section(s) of piping consisting of the primary element, flow conditioner (if applicable), and
upstreamanddownstreampipingwhich conforms to theoverall straight length andothermanufacturing and installation
requirements.
gauge pressure: the difference between the absolute pressure at a point and the pressure of the ambient atmosphere
where the measuring gauge is located. It may be positive or negative.
gauge pressure transmitter: an instrument thatmeasures pressure referenced to atmospheric pressure and transmits the
information.
guaranteed performance model: the performance model that was used for contract negotiations, financial close, or both
(as applicable).
heat: thermal energy in transit from a source at a higher temperature to a sink at a lower temperature.
heatbalance: theutilizationof the first lawof thermodynamics (i.e., conservationof energy,whereinenergycanbeneither
created nor destroyed, only converted from one form to another) to reconcile incoming and outgoing streams of energy.
heat collection element (HCE): an element of trough systems, typically concentric glass tubes under vacuum, that collects
and transfers energy to the heat transfer fluid or working fluid. Also known as an absorber.
heater: a device used to increase the temperature of a fluid.
heat exchanger (HX): a device used to transfer heat from one higher temperature heat transfer fluid or reservoir to a
second lower temperature heat transfer fluid or reservoir.
heat loss: energy quantity that leaves the test boundary outside defined exits.
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heat transfer fluid (HTF): the fluid flowing througha solar collectororother equipmentor systemto transferheat.HTFcan
be thermal oil, molten salt, water, steam, or other fluid, and may or may not be a working fluid.
heliostat: a structure consisting of a mirrored surface, drive system, and support structure, typically associated with
power tower technology.
incidence angle, θ: the angle between a direct ray from the sun and the aperture plane of the collector (defined to be 0 deg
when the rays are normal to the aperture plane).
influence coefficient: see sensitivity.
instrument:a tool ordeviceused tomeasurephysical dimensionsof length, thickness,width,weightoranyothervalueof a
variable. These variables can include size, weight, pressure, temperature, fluid flow, voltage, electric current, density,
viscosity, and power. Instruments can be sensors which may not, by themselves, incorporate a display but transmit
signals to remote computer-type devices for display, processing, or process control. Instruments can also be ancillary
piecesof equipmentdirectly affecting thedisplayof theprimary instrument (e.g., ammeter shunt)or tools or fixturesused
as the basis for determining part acceptability.
laboratory calibration: the process by which calibrations are performed under controlled conditions with highly spe-
cialized measuring and test equipment that has been calibrated by approved sources. To qualify as a laboratory cali-
bration, the calibrationmust remain traceable to theNational Institute of Standards andTechnology (NIST), a recognized
international standard organization, or a recognized natural, physical (intrinsic) constant through unbroken compar-
isons having defined uncertainties.
loop calibration: the calibration of an instrument through signal-conditioning equipment including a recording device.
maximum rated flow: maximum flow rate from an individual equipment item or grouping of equipment items that is
capable of being produced on a continuous basis under specified conditions. This is also frequently referred to as
maximum continuous rating (MCR).
net thermal energy: total energy collected minus system losses.
parameter: adirectmeasurement; also, a parameter is a physical quantity at a locationwhich is sensedbydirectmeasure-
ment of a single instrument or determined by the averaged measurements of several similar instruments of the same
physical quantity. Alternatively, a quantity that could be measured or taken from best available information, such as
temperature, pressure, stress, or specific heat, used in determining a result. The value used is called the assigned value.
performance model: a computer model that calculates output based on environmental data using algorithms approx-
imating actual plant parameters, geometries, and processes.
predicted performance: the performance as predicted by a performance model based on input parameters.
primary element: the component of a differential pressure flowmetering run that is flanged or welded between specially
manufactured pipe sections, across which the pressure drop is measured to calculate flow. The component may be an
orifice plate, a nozzle, or a venturi.
primary parameter:A directmeasurement of a physical quantity at a location as determined by a single instrument, or by
the average of several similar instruments, that is used in the calculations of test results.
primary variables: the variables used in calculations of test results.
redundant instrumentation: two or more devices measuring the same parameter with respect to the same location.
reference conditions: a set of external values, for parameters outside the test boundary, affecting performance at which
performance values are guaranteed. When performance testing is done at other values, test results are corrected to
reference conditions.
reflectance: the ratio of radiant energy reflected to the total radiant energy incident upon a surface.
reflector surface: in context of CSP, this is themirror surface used to collect and focus the sun’s radiation onto the receiver.
Reflector surfaces include heliostats, parabolic trough mirrors, and linear Fresnel mirrors.
repeatability: the randomerror of amethod expressed as the agreement attainable between independent determinations
performed by a single analyst.
result, R: a value calculated from a number of parameters.
run: comprises the readings and/or recordings sufficient to calculate performance at one operating condition.
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secondary parameter: a directmeasurement of a physical quantity at a location that is determined by a single instrument,
or by the average of several similar instruments, that is not required to calculate test results, but thatmay be required to
determine that the plant is operating properly.
secondary variable: a variable that is measured but does not enter into the calculation.
sensitivity: the rate of change in a result due to a change in a variable evaluated at a desired test operating point.
solar resource: the energy available from the sun’s radiation.
solar system: the loop, section, or solar field and all essential equipment necessary to produce energy in a useful form.
solar thermal efficiency: the ratio of the thermal power output of the solar system normalized by the product of the
incident direct beam radiation and the total aperture area of the solar field.
solar weighted reflectance: the reflectance weighted over the solar radiation spectrum.
solar weighted transmittance: transmittance weighted over the solar radiation spectrum.
spectral reflectance: reflectance measured as a function of the wavelength of the solar radiation.
spectral transmittance: transmittance measured as a function of the wavelength of the solar radiation.
specular reflectance: reflectance in the specular direction. The specular direction is the one forming an anglewith normal
to the surface equal to the angle of incidence of the incident radiation. The specular direction is on the same plane as the
incident radiation and the normal to the surface and in the opposite direction of the incidence. Specular reflectance
depends on the angle of the acceptance of the reflected radiation, which must be given.
specular transmittance: transmittance in the direction of the incident radiation.
standard atmospheric conditions: 101.325 kPa (14.696 psia), 288.15 K or 15°C (519°R or 59°F), and relative humidity of
60%. Also called standard temperature and pressure (STP).
standard deviation: several types of standard deviation are defined in statistical analysis (e.g., population standard
deviation, sample standard deviation, standard deviation of the mean). In this Code, the term “standard deviation”
refers to standard deviation of the mean unless otherwise specified.
student’s t, t95: the value of the student’s t distribution is determined for each measurement based on the degrees of
freedom for the measurement and a 95% confidence level.
test: a group of test runs comprising a series of points and results adequate to establish the performance over a specified
range of operating conditions.
test boundary: a control volume defined by the scope of the test, and for which the mass and energy flows must be
determined. Depending on the test, more than one boundary may be applicable. The definition of the test boundary or
boundaries is an extremely important visual tool that aids in understanding the scope of the test and the required
measurements.
test coordinator: thedesignatedperson responsible for the execution of the test in accordancewith the test requirements.
test goal: the object or resulting parameter of interest of performing a test.
test plane: a reference plane for measurement or parameter designation.
test reading: one recording of all required test instrumentation.
test run: a group of test readings taken over a specific time period over which operating conditions remain constant or
nearly so.
time of delivery (TOD): the stipulation sometimes included in power purchase agreements that puts greater value on
production during periods of high energy demand. For example, nonholiday weekdays between noon and 6 p.m. May
through September may represent a peak period that the power off-taker pays more for compared to weekend hours
October through April from 8 a.m. to noon.
traceable: the established pedigree for ameasurement based on the chain of calibrations that links or traces ameasuring
instrument to a primary standard. Alternatively, records demonstrating that the instrument can be traced through a
series of calibrations to an appropriate ultimate reference such as the National Institute for Standards and Technology
(NIST).
transmittance: the ratio of energy flux transmitted by a material to the energy flux of the radiation incident on it.
uncertainty, U: ±U is the interval about themeasurement or result that contains the true value for a 95%confidence level.

uncertainty, measurement: estimateduncertainty associatedwith themeasurement of a process parameter or variable.
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uncertainty, random, 2S: an estimate of the ± limits of random error with a defined level of confidence. Often given for
2-σ (2 standard deviations) confidence level of about 95%.

uncertainty, systematic, B: an estimate of the ± limits of systematic error with a defined level of confidence (usually
95%).

uncertainty, test: the uncertainty associated with a corrected test result.
variable: a quantity subject to variation such that it can have different values that can be measured or counted. The
quantity may be calculated from a number of measurands, where a measurand is a particular quantity that is being
measured or estimated.
verification: a set of operations that establishes evidence by calibration or inspection that specified requirements have
been met.
working fluid: gas or liquid stream from which work is extracted, such as by powering a gas or steam turbine.

2-2 SYMBOLS

See Table 2-2-1 for definitions of the symbols used in this Code.

2-3 ABBREVIATIONS AND ACRONYMS
ANI = aperture normal irradiance
Aux = auxiliary load— electric or thermal
CSP = concentrating solar power
DNI = direct normal irradiance
HTF = heat transfer fluid
MDPT = multiday performance test
PTC = performance test code
RSR = rotating shadowband radiometer
RTD = resistance temperature detector
SF = solar field

STPT = short-term performance test
SWSR = solar-weighted specular reflectance
TES = thermal energy storage
TOD = time of delivery
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Table 2-2-1 Nomenclature

Symbol Description
Units

SI U.S. Customary
2S Uncertainty (random) … …
A Area m2 ft2

b Uncertainty (systematic) … …
C Constant (generic) (various) (various)
Cp Heat capacity, constant pressure kJ/kg·K Btu/lbm·°R
Cv Heat capacity, constant volume kJ/kg·K Btu/lbm·°R
D Diameter m ft
F Vortex shedding frequency s−1 hr−1

h Enthalpy kJ/kg Btu/lbm
I Electric current amperes (A) amperes (A)
i, j Summation index (1, 2, 3,…n) … …
K Proportional flow factor m ft
L Level or length m ft
M Mass kg lbm
m Mass flow rate kg/s lbm/hr
n Total number of incremental

measurements
… …

p Pressure kPa psia
PF Power factor … …
Q Heat/thermal energy kJ Btu
q Heat transfer rate/thermal power kW Btu/hr
RH Relative humidity % %
St Strouhal number … …
T Temperature °C (K) °F (°R)
t Time s hr
t95 Student’s t at 95% confidence

interval
… …

U Uncertainty (total) … …
u Velocity m/s ft/hr
V Volume m³ ft³
v Volumetric flow rate m³/s ft³/hr
W Work/electric energy kWh Btu
w Work transfer rate/electric power kW Btu/hr
β Error (systematic) … …
δ Error (total) … …
Δ Difference (various) (various)
Δp Differential pressure Pa inH2O
ΔT Temperature difference °C (K) °F (°R)
η Efficiency % %
ρ Density kg/m3 lbm/ft3

Σ Sum … …
θ Incidence angle rad deg
Θi Sensitivity coefficient for

parameter i
… …

ASME PTC 52-2020

9

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 52
 20

20

https://asmenormdoc.com/api2/?name=ASME PTC 52 2020.pdf


Section 3
Guiding Principles

3-1 INTRODUCTION

This Section provides guidance on the conduct of concentrating solar power (CSP) plant testing and outlines the steps
required to plan, conduct, and evaluate a Code test of CSP plant performance.
The subsections discuss the following:
(a) tests (subsection 3-2)
(b) test plan (subsection 3-3)
(c) test preparations (subsection 3-4)
(d) conduct of the test (subsection 3-5)
(e) calculation and reporting of results (subsection 3-6)
This Code includes procedures for testing CSP plants to determine performance results corresponding to test goals. It

also provides guidance for multiple-party tests conducted to satisfy or verify guaranteed performance as specified in
commercial agreements. This Code is not intended to provide performance information on individual components
(mirrors, receivers, heat exchangers, etc.).
Each test shall be designed with the appropriate goal in mind to ensure proper procedures are developed, the appro-

priate operatingmode during the test is followed, and the correct performance equations are applied. Potential test goals
foreach test setuparegiven inparas. 3-2.1.2and3-2.1.4. Theparties to the test shall agreeon theappropriate test goals for
each test. Section5provides informationon thegeneralperformanceequationsandvariationsof theequations to support
specific test goals.

3-2 TESTS

This Codemaybe incorporated into contracts by reference to serve as ameans to verify certain commercial guarantees
for CSP plant performance. If this Code is used for guarantee acceptance testing or for any other tests where there are
multiple parties represented, those parties shall mutually agree on the exact method of testing and the methods of
measurement, as well as any deviations from the Code requirements.
During the design phase of the CSP system, consideration should be given to accurately conducting acceptance testing

for overall performance for the specific type of CSP system. Consideration should also be given to the requirements of
instrumentation accuracy, calibration, recalibration documentation, and the location of permanent plant instrumen-
tation to be used for testing. Adequate provisions for installation of temporary instrumentation where CSP system
instrumentation is not adequate to meet the requirements of this Code shall also be considered during the design
stages. For example, proper allowance for the placement of suitably accurate flowmeasurement devices shall be consid-
ered if the CSP system’s permanent flow instrumentation is not capable of the accuracy required under Section 4.

3-2.1 Performance Tests

For any test run, it is required tomeasure the input parameters required by the performancemodel. Input parameters
may include direct normal irradiance (DNI), other meteorological conditions, and field status (e.g., active tracking area,
reflectivity).
Test measurements shall be performed using instruments calibrated as specified in Section 4. All uncertainty calcula-

tions shall be performed according to the methods specified in Section 7.
The tests described in paras. 3-2.1.1 through 3-2.1.4 should be conducted following test procedures developed in

accordance with this Code.

3-2.1.1 Short-Term Performance Test (STPT)

(a) Power Test at Available Conditions (PTAC).The object of the PTAC is to evaluate the performance and verify the CSP
plant thermal power output at the available ambient conditions. The test run shall span, at minimum, a single 2-h period.
The following are examples of when this test could be used:
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(1) to demonstrate the CSP plant’s thermal power (in megawatts) using a measured and constant active tracking
area

(2) in the event testing cannot occur in optimum or summer conditions
(3) for performance testing relative to a model in off-design conditions

(b) Full Power Test (FPT). The object of the FPT is to evaluate and verify the solar field’s ability to deliver full thermal
power output. Full thermal power output is defined as the required heat transfer fluid (HTF) conditions exiting the test
boundary thatmeet the steamturbineorother thermal load’s power rating. Thepartiesmayormaynot agree to reference
this test to a performancemodel. The recommended duration of the test run shall be, at minimum, a single period of 2 h.

3-2.1.2 STPT Results. The following results can be determined during an STPT:
(a) thermal power output of solar field (in megawatts)
(b) solar thermal efficiency
(c) HTF system parameters
(d) auxiliary load consumption (thermal, electrical, or both)

3-2.1.3 Multiday Performance Test (MDPT). The object of the MDPT is to evaluate and verify the solar field’s total
thermal energy production measured over the course of a 24-hr/day multiday test period, which could be used for
cumulative performance and also time-of-day performance. The result of this test shall be expressed as a directmeasure-
ment of thermal performance (total megawatt hours as determined by the test boundary). This Code recommends that a
minimum15-day test be considered. A 15-day test should be sufficient to demonstrate the plant’s extended performance
and its performance during transients including startup, shutdown, and solar resource interruptions.1 The test should be
continuous. During the test, test days that do notmeet theMDPT requirements specified in para. 3-5.2.3may be excluded
from the test and the MDPT continued until the accrued days meet the specified test run duration.
The performance test may be conducted at any time of year as long as there is a reasonable period of time during each

day with adequate DNI. Days with low or unstable DNI may be excluded from the sample and the test period extended
accordingly.
The following are examples of how this test could be used:
(a) to determine the performance of the CSP plant over start-up, shutdown, and transient cycles compared to the

performance predictions
(b) to verify expected plant performance over a variety of ambient conditions, operating conditions, or both
(c) to evaluate performance of the CSP plant under a time of delivery (TOD) situation
(d) to evaluate plant efficiency under conditions of interest (see para. 5-2.4)
It is anticipated that aperformancemodelwill beused toestablish theexpected test output againstwhich theactual test

outputwill be compared. Inmany cases thismodelwill have been the basis for the production estimate used to determine
financing or purchase price for the CSP plant. If the economic expectations of the plant were based on TOD pricing, the
parties can agree to include TOD pricing in the economic calculations. This pricing structure can be important when
considering the economic feasibility of a project.

3-2.1.4 MDPT Results. The following results can be determined during an MDPT:
(a) thermal energy production of solar field (in megawatt hours)
(b) HTF system parameters
(c) auxiliary load consumption (thermal, electrical, or both)
(d) thermal energy storage performance (if applicable, see Nonmandatory Appendix A)

3-2.2 Prior Agreements

Theparties to the test shall agreeonallmaterial issuesnotexplicitlyprescribedby theCodeas identified throughout the
Code and summarized as follows:

(a) All parties to the test shall approve the test plan.
(b) Representatives from each of the parties to the test shall be designated to be part of the test team and observe the

test to confirm that it was conducted in accordance with the test requirements. Those representatives should have the
authority to approve any agreed upon revisions to the test requirements during the test.

(c) Parties shall have reasonable opportunity to examine the CSP system and agree that it is ready to test.
(d) All parties to the test shall agree on the following:

1 This recommendation applies to a typical sitewith 250 days to 300 days of solar operation annually. During the 15 days, it is expected that therewill
be several days with clear solar conditions and several days with clouds, such that the test period is representative of a full year’s operation. Since
weather conditions vary fromsite to site, the partiesmaydecide to specify aminimumratio of clear to cloudydays for the test and extend the test period
accordingly until these conditions aremet. Alternatively,where there are significant seasonal differences inweather conditions (e.g., frost, frequency of
cloudiness), the parties may agree to an additional MDPT in another season.
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(1) contract or specification requirements regarding operating conditions, base reference conditions, performance
guarantees, test boundary, and environmental compliance

(2) minimum requirements necessary to run a Code test, including environmental conditions (DNI, wind, etc.), test
fuel supply (if applicable), and the thermal hosts’ ability to accept loads

(3) notification requirements prior to test preparation to ensure all parties have sufficient time to be present for the
test

(4) modifications to the test plan based on preliminary testing
(5) a defined equipment/system operating disposition list
(6) operations of equipment/system outside the scope of the suppliers’ instructions
(7) actions to take if site conditions are outside the testing limits, including conditions for exclusion of hours or days

in the MDPT
(8) CSP system parameters, operating range, and stability criteria prior to starting a test and during the test
(9) permissible adjustments to equipment/system operations during and between test runs
(10) duration and number of test runs
(11) resolution of unrepeatable test runs results
(12) rejection of test readings (see subsection 3-6.2)
(13) final model and test calculations, including the methodology for the model, provisions for data collection and

inputs, and technical parameters
(14) requirements for data storage, document retention, and test report distribution
(15) any unique test report format, contents, inclusions, and index outside of Section 6 that are of interest to the

parties to the test
(16) specific type, location, and calibration requirements for all instrumentation and measurement systems
(17) HTF thermophysical properties or data (or a method to specifically measure the HTF properties) and applica-

tion thereof
(18) correlations for calculating wind speed at height based on ground measurements
(19) frequency of data acquisition

3-2.3 Data Records and the Test Log

Clear records shall be made to identify and distinguish the equipment to be tested and the exact method of testing.
Descriptions, drawings, and photographs may be used to give a permanent, explicit record of the test. Instrumentation
details including location and redundancy according to the guidelines in Section 4 shall be described in detail in test
records.
A complete set of data and a complete copy of the test log shall be provided to all parties to the test. All data and records

of the test shall be prepared to allow for clear and legible reproduction. The completed data records shall include the date
and time of day that each observationwas recorded. The observations shall be the actual readingswithout application of
any instrument corrections. The test log should constitute a complete recordof events. Destructionordeletionof anydata
record, page of the test log, or of any recorded observation is not permitted. If corrected, the alteration shall be entered so
that the original entry remains legible and an explanation of the change is included. For manual data collection, the test
observations shall be entered on prepared forms that constitute original data sheets authenticated by the observers’
signatures.
For automatic data collection, printed output or electronic files shall be authenticated by the test coordinator andother

representatives of the parties to the test. The parties to the test shall agree in advance to the method used for authen-
ticating, reproducing, and distributing the data. Electronic data relevant to the test, including data that indirectly affect
test results, shall be made available or distributed to each of the parties to the test. The data shall be in a format that is
easily accessible.

3-2.4 Test Boundary and Required Measurements

The test boundary defines the control volume and identifies the energy streams which must be measured to calculate
results. The test boundary is an accounting concept used to define the streams thatmust have their parametersmeasured
to determine performance. All input and output energy streams required for test calculations shall be determined with
reference to the point at which they cross the boundary. At steady-state conditions, energy streamswithin the boundary
neednotbedeterminedunless theyverifyoperatingconditionsorunless theyrelate functionally to conditionsoutside the
boundary. In contrast, at unsteady-state conditions that involve energy accumulationordepletion, energy streamswithin
the boundary need to be determined and accounted for.
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Themethods and procedures of this Code have been developed to provide flexibility in defining the test boundary for a
test and in choosingmeasurement locations. For example, theparties to the testmaywant to include the steamgeneration
system within the test boundary or exclude the steam generation system from the test boundary depending on the
technology, impact on overall test uncertainty, or on the test goals.
The specific test boundary for a particular test shall be established by the parties to the test. Some or all of the typical

streams required for common systems are shown in Figure 3-2.4-1.

3-2.4.1 Required Measurements. Test measurement points depend on the goal of the test. Test measurement points
should be located to bestmeasure stream parameters as they cross the test boundary. Some flexibility is required by this
Code in defining the test boundary, since it is somewhat dependent on the particular CSP system design. In general,
measurements or determinations are required for the following:

(a) Solar Energy Input
(1) DNI
(2) date and time

(b) Solar Field Metrics
(1) active area of mirrors focused on the receiver(s), if applicable to the test
(2) effective mirror reflectance (to determine cleanliness factor unless parties agree to a fixed value)

(c) HTF System
(1) pressure, temperature, and flow
(2) thermal physical properties of HTF (e.g., density, heat capacity) unless parties agree to use correlations or prior

data in place of measurements on unique samples from the system being tested
(3) heat added by sources other than solar (e.g., fuel-fired heat source, auxiliary equipment), to be determined by

test boundary
(d) Electric Power Consumption. The parties to the test should determine the electric power measurements required

for the test.

3-2.4.2 Other Measurements. The following additional measurements should be made where appropriate:
(a) Ambient Conditions

(1) air transmittance (if applicable and agreed to by the parties to the test)2
(2) dry bulb temperature
(3) wind speed and direction
(4) humidity
(5) barometric pressure

(b) Solar Field Metrics

Figure 3-2.4-1 Sample Solar Field Test Boundary

DNI

HTF in

Aux heat

Aux power

Test boundary

Solar
system

HTF out

Losses

GENERALNOTE: Solid lines indicate energyorHTFcrossing the test boundary,whichhave tobemeasured to calculate the results of a CSP system
performance test. Dashed lines indicate energy or HTF streams that may be required for an energy and mass balance but may not have to be
measured to calculate test results.

2 Air and glass transmittance may be primary dependent on technology, project requirements, or party discretion.
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(1) glass transmittance of the receiver if applicable (to determine cleanliness factor)
(2) absorptance of the receiver if applicable
(3) field location (latitude and longitude)

3-2.5 Criteria for Selection of Measurement Locations

Measurement locations are selected to provide the lowest level ofmeasurement uncertainty for energy streamswhere
they cross the test boundary. The actual measurement may be made at a point different than the test boundary, either
insideoroutside, if a bettermeasuring location is available and if the conditionsof theenergy streamat themeteringpoint
are equivalent to or can be accurately corrected to the conditions at the test boundary.
Instrumentation shall be located tominimize the effect of ambient conditions, e.g., temperature or temperature varia-

tions,onuncertainty. Careshall beused inrouting leadwires to thedatacollectionequipment topreventelectricalnoise in
the signal. Manual instruments shall be located so that they can be read precisely and easily by the observer. All instru-
ments shall bemarked uniquely and unmistakably for identification. Calibration tables, charts, ormathematical relation-
ships shall be readily available to all parties to the test. Observers recordingdata shall be instructed on the desired degree
of precision of readings.

3-3 TEST PLAN

BeforeconductingaCode test, the test coordinator shallprepareadetailed testplandocumentingall issuesaffecting the
conduct of the test andprovidingdetailedprocedures for performing the test. The test plan should include the schedule of
test activities, designation and description of responsibilities of the test team, test procedures, and report of results.

3-3.1 Schedule of Test Activities

The test coordinator should prepare a test schedule including the sequence of events and anticipated time of the test,
notificationof theparties to the test, test planpreparations, test preparation andconduct, andpreparationof the report of
results.

3-3.2 Test Team

The test plan shall identify the test team organization that will be responsible for the planning, preparation, conduct,
analysis, and reporting of the test in accordance with this Code. The test team should include test personnel needed for
data acquisition, sampling, and analysis; operations personnel and other personnel needed to support the test prepara-
tions and implementation; and outside laboratory and other services.
The test coordinator is responsible for establishing a communication plan for all test personnel and all test parties. The

test coordinator shall also ensure that complete written records of all test activities are prepared and maintained and
coordinate the setting of required operating conditions with the plant operations staff.

3-3.3 Test Procedures

The test plan should include test procedures that provide details for the conduct of the test. The test procedures should
include the following:

(a) object of test
(b) operating strategy, including startup conditions
(c) test acceptance criteria for test completion
(d) defined test boundary identifying inputs, outputs, and measurement locations
(e) HTF thermophysical property correlations or data
(f) operating, performance, and environmental requirements
(g) complete pretest uncertainty analysis with systematic and random uncertainties estimated
(h) specific type, location, and calibration requirements for all instrumentation and measurement systems
(i) frequency of data acquisition
(j) measurement requirements for applicable emissions, including measurement location, instrumentation, and

frequency and method of recording
(k) sample, collection, handling, and analysis method and frequency for HTF and fuel (if applicable)
(l) allowable range for DNI and weather conditions
(m) identification of testing laboratories to be used for HTF and fuel (if applicable) analysis
(n) requiredoperatingdispositionoraccounting for all internal thermal energyandauxiliarypowerconsumershaving

a material effect on test results
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(o) required levels of equipment cleanliness and inspection procedures
(p) procedures to account for performance degradation (if applicable)
(q) valve lineup requirements
(r) preliminary testing requirements
(s) prerequisites such as functional tests
(t) pretest stabilization criteria
(u) stability criteria and methods of setting and maintaining operating conditions within these limits
(v) number of test runs and durations of each run
(w) test start and stop requirements
(x) data rejection criteria
(y) allowable range of HTF and fuel conditions (if applicable), including constituents and heating value
(z) identification of the performance model and instructions for its use, including provisions for data inputs, param-

eters, and exclusions
(aa) sample calculations or detailed procedures specifying test run data reduction and calculation of test results
(bb) method for combining test runs to calculate the final test results
(cc) requirements for data storage, document retention, and test report distribution
(dd) test report format, contents, inclusions, and index

3-4 TEST PREPARATIONS

All parties to the test shall be given timely notification, as defined by prior agreement, to allow them the necessary time
to respond and to prepare personnel, equipment, and documentation. Updated information should be provided as it
becomes known.
A test log shall bemaintainedduring the test to record any occurrence affecting the test, the time of the occurrence, and

the observed resultant effect. This log becomes part of the permanent record of the test.
The safety of personnel and care of instrumentation and equipment involved in the test should be considered. For

example, the following should be considered:
(a) provision for safe access to test point locations
(b) availability of suitable utilities and safe work areas for personnel
(c) potential damage to instrumentation or calibration shifting because of extreme ambient conditions such as

temperature or vibration
Documentation shall be developed or be made available for calculated or adjusted data to provide independent veri-

fication of algorithms, constants, scaling, calibration corrections, offsets, base points, and conversions.

3-4.1 Test Apparatus

Test instruments are classified as described in para. 4-1.2.3. Instrumentationused for data collection shall be at least as
accurate as instrumentation identified in the pretest uncertainty analysis. This instrumentation can either be permanent
CSP system instrumentation whenever possible or temporary test instrumentation.
Multiple instruments should be used as needed to reduce overall test uncertainty. The frequency of data collection is

dependent on the particular measurement and the duration of the test. To the extent practical, at least one reading per
minute should be collected to minimize the random-error impact on the post-test uncertainty analysis. The use of
automated data-acquisition systems is recommended to facilitate acquiring sufficient data. Calibration or adequate
checks of all instruments shall be carried out, and those records and calibration reports shall be made available.
The equipment or conditions shouldnot be alteredor adjusted in such away that regulations, contracts, safety, or other

stipulations are altered or voided. Adjustments to the equipment for test purposes should not prevent immediate,
continuous, and reliable operation at all capacities or outputs under all specified operating conditions. Any actions
taken shall be documented and immediately reported to all parties to the test.

3-4.2 Data Collection

Data shall be takenbyautomaticdata-collectingequipmentwheneverpossible.Manual data collection shall bemadeby
a sufficient number of competent observers. Automatic data logging andadvanced instrument systemsshall be calibrated
to the required accuracy. No observer shall be required to take such a quantity of readings that could result in insufficient
care and precision. Consideration shall be given to specifying duplicate instrumentation and taking simultaneous read-
ings for certain test points to attain the specified accuracy of the test.
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3-4.3 Performance Model

When a performance model is required for a specific test, the parties to the test shall use a mutually agreed upon
performancemodel to evaluate test results. This performancemodel provides a prediction of output based on algorithms
approximating actual plant parameters, geometries, andprocesses. Therefore, correction curves should not be applied to
measured data, as the performance model will provide the predicted performance at test conditions. The parties to the
test shall agree on the number and frequency of predicted performance results generated by themodel, but atminimum,
results shall be generated once per hour. The parties should consider factors such as the variability of the DNI and the
thermal inertia of the system in determining the proper time interval of the predicted performance results. The parties to
the test shallmutually agree on themodel, its output parameters, theweather data set, the physical property correlations
used, and other plant parameters (see para. 3-2.4.1).
Examples of the performance model that could be used for this evaluation include
(a) the model that was used to develop the base case energy production estimates
(b) the model that was used to develop the power or energy guarantees of the project
(c) the model identified in the construction or equipment supply contract(s)
The performance model shall be a weather-adjusted model, where actual ambient conditions are used as the input to

the performance model for comparison to the actual performance of the project. Upon mutual agreement between the
parties to the test, specific model parameters can be modified to reflect actual equipment or component performance.
Initial conditions of plant variables of the performancemodel shall be definedor taken into consideration [e.g., HTF initial
temperature at solar field inlet, initial level of storage system (if applicable)]. For example, mirror reflectance values can
use the assumptions in the performance model, or alternatively measured values could be introduced using measure-
ments in the solar field at representative locations and frequencies.

3-4.4 Test Personnel

Test personnel are required in sufficient number and expertise to support the execution of the test. Operations per-
sonnel shall be familiar with the test procedure operating requirements in order to operate the equipment accordingly
(see para. 3-3.2).

3-4.5 Equipment Inspection and Cleanliness

The CSP system should be checked to ensure that required equipment and subsystems are installed and operating in
accordance with their design parameters and that the CSP system is ready to test. If the amount of reflective area to be
utilized during the test is fixed, this shall be defined and fixed in advance of the test.
Parties may agree to take reflectance, absorptance, and transmittance measurements on a representative sample of

reflectorsor receiversprior to, during, or after the test todeterminecleanliness. Thenumberofmeasurementsperformed
shall be sufficient on a statistical basis such that the uncertainty resulting from location and other error sources is less
than the uncertainty associated with the measurement device. If sufficient measurements to meet this requirement are
not possible, the design cleanliness should be used for all reflectance and transmittance calculations associatedwith this
test, unless otherwise agreed to by the parties to the test.

3-4.6 Preliminary Testing

Preliminary test runs serve to determine whether equipment is in suitable condition to test, to check instruments and
methodsofmeasurement, to checkadequacyof organizationandprocedures, and to trainpersonnel. All parties to the test
should 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. Some reasons for a
preliminary run are

(a) to determine whether the CSP system equipment is in suitable condition to conduct the test
(b) to discover necessary adjustments that were not evident during the preparation of the test
(c) to check the operation of all instruments, controls, and data acquisition systems
(d) to ensure that the estimated uncertainty as determined by the pretest analysis is reasonable
(e) to ensure that the facilities operation can be maintained in a steady-state performance
(f) to ensure that the HTF and fuel (if applicable) characteristics, analysis, and heating value are within permissible

limits, and that sufficient supplies are on hand to avoid interrupting the test
(g) to ensure that process boundary inputs and outputs are not constrained, other than by those constraints identified

in the test requirements
(h) to familiarize test personnel with their assignments
(i) to retrieve enough data to fine tune the control system if necessary
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3-5 CONDUCT OF THE TEST

This subsection provides guidelines on the actual conduct of the performance test and addresses the following areas:
(a) starting and stopping tests and test runs
(b) methods of operation prior to and during tests
(c) adjustments prior to and during tests
(d) duration and number of tests
(e) number of readings
(f) constancy of test conditions

3-5.1 Starting and Stopping Tests and Test Runs

For the STPT, it is particularly important for the starting and ending conditions to be as similar as possible in order to
mitigate any accumulation or depletion of existing thermal energy within the test boundary.

3-5.1.1 StartingCriteria.Prior to starting eachperformance test, the operation, configuration, and stability criteria for
testing shall be in accordance with the agreed upon test requirements, including

(a) ambient conditions (e.g., DNI, wind, temperature)
(b) process parameters, equipment operation, and method of control
(c) unit configuration
(d) valve lineup
(e) data acquisition system(s) functioning and test personnel in place and ready to collect samples or record data

3-5.1.2 Stopping Criteria. Tests are normally stopped when the test coordinator is satisfied that requirements for a
complete test run have been satisfied. The test coordinator may extend or terminate the test if the requirements are not
met. Data logging should be checked to ensure completeness and quality.

3-5.2 Methods of Operation During Tests

All equipment necessary for normal and sustained operation at the test conditionsmust be operated during the test or
accounted for in the corrections. Intermittent operationof equipmentwithin the test boundary shouldbeaccounted for in
a manner agreeable to all parties (e.g., reflectors that are not used at peak DNI). Parties should recognize the different
plant operatingconfiguration for anSTPTversusanMDPT, andaccount appropriately for thepotential impacts to the test.
Examples of operating equipment to consider include HTF handling equipment, water treatment equipment, the HTF
recovery system, environmental control equipment, and blowdown equipment.
If parties agree, part of the MDPTmay also be used for the STPT, provided the part adopted from the MDPTmeets the

requirements of the STPT.

3-5.2.1 Operating Mode. The operating mode of the CSP system during the test should be consistent with the goal of
the test. If a specified corrected or measured load is desired, the CSP system’s control system should be configured to
maintain the load during the test. If a specified disposition is required (e.g., fixed active area), the control system should
maintain the disposition and not make changes to the parameters, which should be fixed.

3-5.2.2 Short-TermTest.For thedurationof theSTPT, theCSPplant shall beoperated inaccordancewith the following
criteria:

(a) DNI shall be greater than80%of the averagepeakhourlyW/m2 (considering location, date, and time) expected for
the month of the test for the duration of the test period. The parties to the test shall agree on the appropriate source for
expected DNI data (TMY, other data set, etc.).

(b) Mass flow, inlet temperature, and outlet temperature should remain stable during the test. Range and stability for
these parameters shall be as agreed upon by the parties.

(c) No cleaning of the collectors subject to testing should take place during the test period.
(d) The plant shall be operated within normal operating procedures and conditions.

3-5.2.3 Multiday Performance Test. The MDPT should occur continuously until the required amount of valid days
have been accumulated. For a day to qualify as valid for the MDPT, it should meet the following criteria:

(a) There is a minimum of 4 h with DNI continuously above 500W/m2. A value other than 500W/m2 may be agreed
upon by the parties to the test.

(b) During daylight operating hours, wind speeds andwind gusts are less than the solar field’s designwind protection
speed(or lowerasagreedbetween theparties).Windspeedsandgusts that causeareduction inperformanceaccording to
the performancemodel are allowed as long as defocusing of solar collectors is not required. Partiesmay agree to exclude
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hours of nonoperation due to wind and not disqualify the entire day, provided the day includes 4 h of operation at a DNI
continuously above 500 W/m2.

(c) There is no downtime or derating caused by equipment or events outside the test boundary. Parties may agree on
derating value and/or excluding hours for downtime, and not disqualify the entire day.

(d) Extraordinary operating or environmental conditions may be excluded as agreed upon between the parties [see
para. 3-2.2(d)(8)].

(e) The plant shall be operated within normal operating procedures and conditions.
(f) Off-line cleaning of the solar field or downstream heat transfer surfaces (as applicable) shall be performed

according to standard procedures or instructions of operations and maintenance for the plant.
Parties to the test shall agree upon accounting methods for any excluded days.

3-5.2.4 Valve Lineup. A valve lineup checklist shall be developed to identify the goals of the test. The size of this
checklistwill vary between various CSP technologies. The checklist should be divided into the following three categories:

(a) Manual Valve Isolation. This part of the checklist is a list of all manual valves that should be closed during normal
operationand that affect theaccuracyor results of the test if theyarenot secured.Thesevalvepositions shouldbechecked
before and after the test.

(b) Automatic Valve Isolation.This part of the checklist is a list of valves that should be closed during normal operation
butmay occasionally cycle open. As in (a), these are the valves that affect the accuracy or results of the test if they are not
secured. These valve positions should be checked prior to the preliminary test andmonitored during subsequent testing.
To theextent possible in theplant control system, these valvepositions shouldbe continuouslymonitoredduring the test.

(c) Test Valve Isolation. This part of the checklist is a list of those valves that should be closed during the performance
test. These valves should be limited to those thatmust be closed to accuratelymeasure the plant performance during the
test. Forexample, the steamgeneratorblowdownmayneed tobeclosedduringall orpartof the test toaccuratelymeasure
steam production. The blowdown valve position should be addressed in the test plan.
No valves that are normally open should be closed for the sole purpose of changing the maximum performance of the

plant.
The valves on the test valve isolation part of the checklist should be closed prior to the preliminary test. The valvesmay

need to be opened between test runs.
Effort should bemade to eliminate leaks through valves that are required to be closed during the test. If any leaks can’t

be eliminated, the magnitude of valve leakage should be determined.
The parties to the test should agree to methods to quantify leakages. Some nonintrusive methods are frequency

spectrum analysis, Doppler effect analysis, and transient analysis, which can be used for flow detection through valves.

3-5.2.5 Equipment Operation. CSP system equipment required for normal CSP system operation shall be operated
and maintained as defined by the respective equipment suppliers’ instructions and official operations and maintenance
procedures. Equipment that is necessary for plant operation or that would normally be required for the CSP system to
operate shall be operating or accounted for in determining auxiliary power loads. An equipment checklist shall be
developed. The checklist should be divided into the following two parts:

(a) electrical auxiliaries
(b) nonelectric internal energy consumers
The checklist shall include a tabulation of the required operating disposition of all electric and nonelectric internal

energy consumers.
A switchover to redundant equipment, suchas a standbypump, is permissible. Intermittent nonelectric internal energy

consumption and electrical auxiliary loads, such as prorating or proportioning, shall be accounted for in an equitable
manner andapplied to thepower consumption of a complete equipment operating cycle over the test period. Examples of
intermittent loads include blowdown, water treatment, and heat tracing.

3-5.2.6 Proximity to Design Conditions.During the STPT, the CSP system should be operated as closely as possible to
the referenceperformance conditions andwithin the allowable design range of the operatingparameters andequipment.
Permitted deviations from reference performance conditions shall be agreed upon between the parties.

3-5.3 Adjustments Prior to and During Tests

This subsection describes the following three types of adjustments related to the test:
(a) permissible adjustments during stabilization periods or between test runs
(b) permissible adjustments during test runs
(c) impermissible adjustments
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3-5.3.1 Permissible Adjustments During Stabilization Periods or Between Test Runs. Any necessary adjustments
should be made to the equipment, operating conditions, or both. Sufficient stable operating time shall be allowed to
stabilize the system. For example, if field balancing valve positions are altered, sufficient stable operating time shall be
allowed to stabilize the loop temperature profile and flow distribution.
Typical adjustments prior to a test are those required to correct malfunctioning controls or instrumentation or to

optimize plant performance for current operating conditions. Recalibration of suspected instrumentation or measure-
ment loops is permissible if recalibration is possiblewithout data loss orwith redundant or replacement equipment. It is
permissible to tune and optimize component or plant performance. Adjustments to avoid or minimize performance
corrections are permissible.

3-5.3.2 PermissibleAdjustmentsDuringTestRuns.Permissible adjustmentsduring capacity tests are those required
to correct malfunctioning controls, maintain equipment in safe operation, or maintain plant stability. Switching from
automatic tomanual control and adjusting operating limits or set points of instruments or equipment should be avoided
during a test.

3-5.3.3 Impermissible Adjustments. Any adjustments that would result in equipment being operated beyond the
manufacturer’s operating, design, or safety limits or other specified operating limits are not permitted. Adjustments or
recalibrations that would adversely affect the stability of a primary measurement during a test are also not permitted.

3-5.4 Duration of Runs, Number of Test Runs, and Number of Readings

3-5.4.1 Duration of Test Runs. The duration of a test run shall be long enough that the data reflect the average
efficiency andperformanceof theplant. Thedurationof a test run includes consideration fordeviations in themeasurable
parameters due to controls and typical concentrating solar system operating characteristics. The recommended test
durations are provided in para. 3-2.1.
The test coordinatormaydetermine if a longer testperiod is required.The recommendedtimes showninpara. 3-2.1are

generally basedon continuousdata acquisition.Dependingon thepersonnel available and themethodof data acquisition,
it may be necessary to increase the length of a test in order to obtain sufficient samples of the measured parameters to
attain the required test uncertainty.

3-5.4.2 NumberofTestRuns.Multiple runs arenot required, but theyoffer several advantages. Conductingmore than
one run will

(a) provide a valid method of rejecting bad test runs.
(b) examine the validity of the results.
(c) verify the repeatability of the results. Results may not be repeatable due to variations in either test methodology

(test variations) or the actual performance of the equipment being tested (process variations).
After completionof the first test run thatmeets the criteria for anacceptable test run (whichmaybe thepreliminary test

run), the data should be consolidated, and preliminary results calculated and examined, to ensure that the results are
reasonable.

3-5.4.3 Evaluation of Test Runs. When comparing results from two test runs (X1 and X2) and their uncertainty
intervals, the three cases illustrated in Figure 3-5.4.3-1 should be considered.

(a) Case I. Aproblemclearlyexistswhenthere isnooverlapbetweenuncertainty intervals.Eitheruncertainty intervals
have been grossly underestimated, an error exists in themeasurements, or the true value is not constant. Investigation to
identifybad readings, overlookedorunderestimated systematicuncertainty, etc., is necessary to resolve thisdiscrepancy.

(b) Case II.When theuncertainty intervals completelyoverlap, as in this case, onecanbeconfident that therehasbeena
proper accounting of all major uncertainty components. The smaller uncertainty interval, X2 ± U2, is wholly contained in
the larger interval, X1 ± U1.

(c) Case III.This case,where a partial overlap of the uncertainty exists, is themost difficult to analyze. 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 measurements increases, the overlap region
shrinks.
Shoulda runor setof runs fall underCase I orCase III, the results fromall of the runs shouldbe reviewed inanattempt to

explain the reason for excessivevariation. If the reason for thevariationcannotbedetermined, theneither theuncertainty
bandneeds tobe increased toencompass the runs tomake themrepeatable, ormore runsneed tobeconducted so that the
random component of uncertaintymay be calculated directly from the test results. The uncertainty of result is calculated
in accordance with Section 7. Paragraphs 3-5.4.2 and 3-5.4.3 are not applicable to the MDPT.
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3-5.4.4 Number of Readings. Sufficient readings shall be taken within the test duration to yield total uncertainty.
Ideally, at least one set of data perminute should be recorded for all nonintegratedmeasurements of primary parameters
and variables. There are no specific requirements for the number of integrated readings or for measurements of
secondary parameters and variables for each test run.

3-6 CALCULATION AND REPORTING OF RESULTS

Thedata takenduring the test should be reviewed and rejected in part or inwhole if they are not in compliancewith the
requirements for the constancy of test conditions.
EachCode test shall includepretest andpost-test uncertainty analyses, and the results of these analyses shall fallwithin

Code requirements for the type of concentrating solar system being tested.

3-6.1 Causes for Rejection of Readings

Uponcompletionof the testorduring the test itself, the testdata shall be reviewedtodetermine ifdata fromcertain time
periods should be rejected prior to the calculation of test results. Refer to ASMEPTC 19.1 for data rejection criteria. A test
log shall be kept.
Should serious inconsistencies that affect the results be detected during a test run or during the calculation of the

results, the run shall be invalidated completely, or itmay be invalidated only in part if the affected part is at the beginning
or at the end of the run. A run that has been invalidated shall be repeated, if necessary, to attain the test objectives.
An outlier analysis of spurious data should also be performed in accordance with ASME PTC 19.1 on all primary

measurements after the test has ended. This analysis will highlight any other time periods that should be rejected
prior to calculating the test results.

3-6.2 Uncertainty

3-6.2.1 General. Test uncertainty and test tolerance are not interchangeable terms. This Code does not address test
tolerance, which is a contractual term.
Procedures relating to testuncertaintyarebasedonconcepts andmethodsdescribed inASMEPTC19.1.ASMEPTC19.1

specifies procedures for evaluatingmeasurement uncertainties from both random and systematic errors and the effects
these errors have on the uncertainty of a test result.
This Code addresses test uncertainty in the following three Sections:
(a) Section 1 defines the uncertainty approach.
(b) Section 4 describes the systematic uncertainty required for each test measurement.
(c) Section7 andNonmandatoryAppendixBprovide applicable guidance for determining pretest andpost-test uncer-

tainty analysis results.

Figure 3-5.4.3-1 Three Post-Test Cases

±U1 X1

±U2 X2

±U1 X1
±U2 X2

±U1 X1

±U2 X2

Case I
No Overlap

Case II
Complete Overlap

Case III
Partial Overlap
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3-6.2.2 Pretest and Post-Test Uncertainty Analyses

(a) A pretest uncertainty analysis shall be performed so that the test can be designed to meet Code requirements.
Estimates of systematic and random error for each of the proposed test measurements should be used to help determine
wheremeasurements should bemade and the number and quality of test instruments required for compliancewith Code
or contract specifications. The pretest uncertainty analysis shall include an analysis of randomuncertainties to establish
permissible fluctuations of key parameters in order to attain allowable uncertainties. Pretest uncertainty analysis should
be used to determine the accuracy level required for each measurement to maintain overall Code standards for the test.

(b) A post-test uncertainty analysis shall also be performed as part of a Code test. The post-test uncertainty analysis
will reveal the actual quality of the test to determine whether the pretest uncertainty calculation has been realized.

3-6.3 Data Distribution and 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 to all parties to the test. A
preliminary report incorporating calculations and results may be required before the final test report is submitted.
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Section 4
Instruments and Methods of Measurement

4-1 GENERAL REQUIREMENTS

4-1.1 Introduction

This Section presents themandatory provisions for instrumentation utilized in the implementation of anASMEPTC52
test. Per the philosophy of ASME Performance Test Codes (ASME PTC 1) and subsection 1-3 herein, it does so in consid-
eration of the minimum reasonably achievable uncertainty. The Instruments and Apparatus Supplements to ASME
Performance Test Codes (ASME PTC 19 series) outline the details concerning instrumentation and the governing re-
quirements of instrumentation for all ASME Code performance testing. The user of this Code shall be intimately familiar
with ASME PTC 19.1, 19.2, 19.3, 19.5, and 19.22 as applicable to the instrumentation specified and explained in this
Section. In light of the unique requirements of testing solar thermal power plants, the user of this Code should be familiar
with other ASME publications regarding standards of instrumentation and metering equipment that are not covered in
the ASME PTC 19 series.
This Section refers to but does not repeat portions of those supplements that directly apply to the requirements of this

Code. However, this Section contains details of the instrumentation requirements of this Code that are not specifically
addressed in the referenced supplements. Such details include classification of measurements for the purpose of in-
strumentation selection andmaintenance, calibration andverification requirements, electricalmetering, andother infor-
mation specific to an ASME PTC 52 test.
Where reference to the ASME PTC 19 series is made, if the instrumentation requirements in the series become more

rigorous as they are updated due to advances in the state of the art, ASME PTC 19 requirements will supersede those set
forth in this Code.

4-1.2 Criteria for Selection of Instrumentation

4-1.2.1 Measurement Designation.Measurements may be designated as either a parameter or a 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.
A parameter is a direct measurement of a physical quantity at a specific location. The parameter is determined by the

measurement from a single instrument or the average of measurements from several similar instruments. In the latter
case, several instruments may be used to determine a parameter that has potential to display spatial gradient qualities
(e.g., ambient air temperature). Similarly, multiple instrumentsmay be used to determine a parameter simply for redun-
dancy to reduce test uncertainty. For example, a test may include two temperaturemeasurements of the fluid in a pipe in
the same planewhere the temperature gradient is expected to be insignificant. Typical parametersmeasured in anASME
PTC 52 test are temperature, pressure, and DNI.
A variable is an indirect measurement whose value is determined from an algebraic equation using directly measured

parameters. The performance equations in Section 5 contain the variables used to calculate the performance results,
including heat transfer fluid (HTF) mass flow rate and HTF enthalpy. Each variable can be thought of as an intermediate
result needed to determine the performance result.
Parameters are therefore the quantities measured directly to determine the value of the variables needed to calculate

the performance results per the equations in Section 5. Examples of such parameters are temperature and pressure to
determine the variable enthalpy; or temperature, pressure, and differential pressure to determine the variable flow.

4-1.2.2 Measurement Classification. Parameters and variables are classified as primary or secondary depending on
their usage in the execution of this Code. Parameters and variables used in the calculation of test results are considered
primary parameters and primary variables. Alternatively, secondary parameters and secondary variables do not enter
into the calculation of the results but are used to ensure that the required test conditions are not violated.
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At a general level, it is more desirable to achieve high measurement accuracy for primary parameters than secondary
parameters, because primary parameters and variables are used to calculate test results. However, the nature of the
different parameters to be measured, both primary and secondary, prohibits using an arbitrary measurement accuracy
thatmust bemet for primary parameters and can be relaxed for secondary parameters.Measurements required for solar
thermal testing range from primary parameters that are impractical to measure with high accuracy to secondary pa-
rameters that can easily be measured with high accuracy.
In parallel, the sensitivity of themeasured parameter to the overall resultmust be considered. Keymeasurements such

asDNI andHTF flowhave veryhigh sensitivities,while ambient temperature and relative humidity have lowsensitivities.
This Code takes into account sensitivities when recommending instrumentation and accuracy class for the different
measured parameters.
The instrumentation employed to measure a parameter will have different required type, accuracy, redundancy, and

handling depending on the use of the measured parameter and depending on how the measured parameter affects the
performance result. This Code does not require that high-accuracy instrumentation be used to determine secondary
parameters. The instruments that measure secondary parameters may be permanently installed plant instrumentation.
This Code does require verification of instrumentation output prior to the test period. Instrumentation output can be
verifiedbycalibrationorby comparisonagainst twoormore independentmeasurementsof theparameters referenced to
the same location. The instruments shouldhave redundant or other independent instruments that canverify the integrity
during the test period.
ThisCodemakes requirements for instrumentationbasedon thegeneral typesof tests that theCodecanbeused for. For

any specific test situation, the user of the Code may find that overall test measurement uncertainty can be reduced by
applying amore stringent criteria for accuracy on a specific measurement than is required in this Code. In such cases the
usermay choose to use amore accurate instrument ormore robust calibration in order to reduce uncertainty. This shows
the value of the pretest uncertainty analysis.

4-1.2.3 Test Boundary Implications on Selection of Instrumentation. The boundary of an ASME PTC 52 test is to
determine the thermal energy generated fromsolar thermal systems. For some types of applications, that thermal energy
transfer is from an HTF (such as heat transfer oil or molten salt that is necessary for the system to operate) to a working
fluid (such as water or steam) system across a set of heat exchangers. Measuring primary parameters on the water or
steam side of the systemhas advantages overmeasuring process parameters on theHTF side of the system. In the former
case, the ASME PTC 19 series of standards may be used to reduce overall measurement uncertainty. For example, flows
measured inaccordancewithASMEPTC19.5have theadvantageofknownmeter standardsandacceptablemeasurement
uncertainty boundaries for PTC applications. Flowmeasurement for HTF, however, can present significant challenges to
achieving accurate, repeatable results. TheHTFs themselvesmaynotbe conducive to theuseof differential pressure-type
devices, or the pipingmay be of such large diameter that use of differential pressure devices is infeasible. It is recognized
that there can be a difference in measurement uncertainty between meters that are designed in accordance with ASME
PTC 19.5 andmeters that, out of necessity, must be of some other type in order to accommodate the requirements of the
specific flow application.
The selection of which process streams to measure and where those measurements are located should be consistent

with the overall test objective and the location of the test boundary. If the boundary is defined so that it is possible to take
measurements on thewater or steamside insteadof theHTF side, and it is anticipated thatmeasurements on theHTFside
will result in higher measurement uncertainty, then it is recommended that measurements be made for water or steam
flow.Measurements away from theHTF sidemay necessarily introduce the need to account for losses across a set of heat
exchangers. Nevertheless, depending on the specific conditions, this approach may result in significantly less overall
measurement uncertainty. In acceptance test planning and boundary definition at the contract stage, the types of instru-
ments that can be used at different process points and the impact on instrumentation and measurement uncertainty
should be considered.

4-1.3 Instrument Calibration and Verification

4-1.3.1 Definition of Calibration. Calibration is the set of operations that establishes, under specified conditions, the
relationship between values indicated by ameasuring instrument ormeasuring system and the corresponding reference
standard or knownvalues derived from the reference standard. Calibration permits the estimation of errors of indication
in themeasuring instrument, measuring system, or the assignment of values tomarks on arbitrary scales. The result of a
calibration is sometimes expressed as a calibration factor, or as a series of calibration factors in the form of a calibration
curve. Calibrations shall be performed in a controlled environment to the extent necessary to ensure valid results. Due
consideration shall be given to temperature, humidity, lighting, vibration, dust control, cleanliness, electromagnetic
interference, and other factors affecting the calibration.Where pertinent, these factors shall bemonitored and recorded,
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and as applicable, compensating 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.

4-1.3.1.1 Laboratory Calibration. Laboratory calibration, as defined by this Code, is the process by which calibra-
tionsareperformedundervery controlledconditionswithhighly specializedmeasuringand test equipment thathasbeen
calibrated by approved sources and remains traceable to United States National Institute of Standards and Technology
(NIST), a recognized international standard organization, or a recognized natural, physical (intrinsic) constant through
unbroken comparisons having defined uncertainties. Laboratory calibrations shall be performed in strict compliance
with establishedpolicy, requirements, and objectives of a laboratory’s quality-assuranceprogram. Consideration shall be
given to ensuring proper space, lighting, and environmental conditions such as temperature, humidity, ventilation and
low noise and vibration levels. Laboratory calibration applications shall be employed on instrumentation where the
sensitivity coefficient of the corresponding parameter is greater than 0.2, except for on devices that can meet the uncer-
tainty limits set forth in this Code without laboratory calibration.

4-1.3.1.2 Field Calibration. Field calibration, as defined by this Code, is the process by which calibrations are
performed under conditions that are less controlled than the laboratory calibrations. Field calibration uses less rigorous
measurement and test equipment than provided under a laboratory calibration. In field calibration, adequate measures
shall be taken to ensure that the necessary calibration status ismaintained during transportation to the location of a test
andwhile on-site. The response of the reference standards to environmental changes or other relevant parameters shall
be known anddocumented. Field calibrationmeasurement and test equipment requires calibration by approved sources
that remain traceable to NIST, a recognized international standard organization, or a recognized natural, physical
(intrinsic) constant through unbroken comparisons having defined uncertainties. Field calibrations’ achievable uncer-
tainties can normally be expected to be larger than laboratory calibrations’ due to aspects such as the environment at the
place of calibration and other possible adverse effects such as those caused by the transportation of the calibration
equipment. Field calibration applications are commonly used on instrumentationmeasuring secondary parameters that
are identified as out of tolerance during field verification as described in para. 4-1.3.2. Field calibrations should include
loop calibrations as defined in para. 4-1.3.8. Field calibrations should be used to check any instrumentation that is
suspected to have drifted or that does not have redundancy.

4-1.3.2 Definition of Verification. Verification is a set of operations which establishes evidence by calibration or
inspection that specified plant requirements have been met. It provides a way to check that the deviations
between values indicated by a measuring instrument and corresponding known values are consistently smaller
than the limits of the permissible error defined in a standard, regulation, or specification particular to the management
of the measuring device. The result of the verification leads to a decision to restore to service, perform adjustments to,
repair, downgrade, or declare obsolete the instrumentation being verified.
Verification techniques include field calibrations, nondestructive inspections, intercomparison of redundant instru-

ments, check of transmitter zeros, and energy stream accounting practices. Nondestructive inspections include, but are
not limited to, atmosphericpressureobservationsonabsolutepressure transmitters, field checks includingvisual inspec-
tion, and no-load readings on power meters. Intercomparisons include, but are not limited to, water or electronic bath
checks on temperature-measurement devices and reconciliations on redundant instruments. Energy stream accounting
practices include, but are not limited to, mass, heat, and energy balance computations. The applicable field verification
requirements shall be judged based on the unique requirements of each setup. As appropriate, manufacturer’s recom-
mendations and the Instruments andApparatus Supplements to ASMEPerformance Test Codes should be referenced for
further field verification techniques.

4-1.3.3 Reference Standards.Reference standards include all measuring and test equipment and referencematerials
that have a direct bearing on the traceability and accuracy of calibrations. Reference standards shall be routinely cali-
brated in a manner that provides traceability to NIST, a recognized international standard organization, or defined,
natural, physical (intrinsic) constants, and they shall have accuracy, stability, range, and resolution for the intended
use.Theyshall bemaintained forproper calibration, handling, andusage in strict compliancewithacalibration laboratory
quality program.When it is necessary to use reference standards for field calibrations, adequatemeasures shall be taken
to ensure that the necessary calibration status is maintained during transportation to the location of a test andwhile on-
site. The integrity of reference standards shall be verified by proficiency testing or interlaboratory comparisons. All
reference standards should be calibrated at a frequency specified by the manufacturer. The user may extend the manu-
facturer-specified calibration period provided the user has data to support the extension. Supporting data are historical
calibration data that demonstrate a calibration drift less than the accuracy of the reference standard for the desired
calibration period.
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The collective uncertainty of reference standards shall be known, and the reference standards should be selected so
that the collective uncertainty of the standards used in the calibration contributes less than25%to the overall calibration
uncertainty. The overall calibration uncertainty of the calibrated instrument shall be determined at a 95% confidence
level. A reference standard with a lower uncertainty may be employed if the uncertainty of the reference standard
combined with the random uncertainty of the instrument being calibrated is less than the accuracy requirement of
the instrument. For example, the 25% rule cannot be met for some kinds of flow metering. However, curve fitting
from calibration is achievable from a 20-point calibration in a lab with an uncertainty of approximately 0.2%.
In general, all instrumentation used to measure primary parameters shall be calibrated against reference standards

traceable to NIST, a recognized international standard organization, or recognized natural, physical (intrinsic) constants
with values assignedoracceptedbyNIST. Instrumentationused tomeasure secondaryparametersneednotbe calibrated
against a reference standard. These instruments may be calibrated against a calibrated instrument.

4-1.3.4 Environmental Conditions. Instruments used to measure primary parameters should be calibrated in a
manner that replicates the conditions under which the instruments will be used to make the test measurements.
As it is often not practical or possible to perform calibrations under replicated environmental conditions, additional
elemental error sources shall be identified and estimated. Error source considerations shall be given to all process and
ambient conditions thatmayaffect themeasurement system, including temperature,pressure, humidity, electromagnetic
interference, radiation, etc. Since some types of ASMEPTC52 testsmay have a duration ofweeks ormonths, the potential
range of ambient conditions is large and should be accounted for in the estimated error.

4-1.3.5 Instrument Ranges and Calibration Points. The number of calibration points depends on the classification of
the parameter the instrumentwillmeasure. 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 measurement, it may be necessary to ex-
trapolate a calibration.

4-1.3.5.1 Primary Parameters

(a) High-Sensitivity Instruments. The instruments for measuring those primary parameters and variables with the
highest sensitivity to the test results (e.g., DNI, steam and HTF flow, enthalpy) should be laboratory calibrated at a
minimum of two points more than the order of the calibration curve fit. This should be the case whether it is necessary
to apply the calibration data to the measured data, or if the instrument is of the quality that the deviation between the
laboratory calibration and the instrument reading is negligible in terms of affecting the test result. Flow metering that
requires calibration should have a 20-point calibration.
Each instrument should alsobe calibrated such that themeasuringpoint is approached in an increasing anddecreasing

manner. This exercise minimizes any possibility of hysteresis effects. Some instruments are built with a mechanism to
alter the instrument’s range once the instrument is installed. In this case, the instrument shall be calibrated at each range
to be used during the test period.
Some instruments cannot practically be calibrated over the instrument’s entire operating range. For example, flow

measuring devices are often calibrated at flows lower than the maximum operating range, and the calibration data are
extrapolated. This extrapolation is described in subsection 4-5. In addition, because of thewide variation inHTF flow that
is expected over multiday performance tests, flow rates may also be at or below the low end of the calibration range and
will require extrapolation in that direction.
If a device demonstrates that itmeets the uncertainty requirements set forth in this Codewithout being calibrated, the

device is not required by this Code to be calibrated.
(b) All Other Instruments.All other instruments should be calibrated at aminimumof the number of points equal to the

order of the calibration curve fit. If the instrument can be shown to typically have a hysteresis of less than the required
accuracy, themeasuring point need only be approached fromone direction (either increasing or decreasing to the point).

4-1.3.5.2 Secondary Parameters. The instruments measuring secondary parameters should undergo field verifica-
tions 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 TimingofCalibration.Becauseof thevariance indifferent typesof instrumentationand their care,nomandate
ismade regarding the time interval between the initial laboratory calibration and the test period. Treatment of the device
ismuchmore important than theelapsed timesince calibration.An instrumentmaybecalibratedonedayandmishandled
the next. Conversely, an instrument may be calibrated and placed on a shelf in a controlled environment, and the cali-
bration may remain valid for an extended time period. Similarly, the instrument may be installed in the field but valved-
out of service, and itmay, inmany cases, be exposed to significant cycling. In these cases, the instrumentation is subject to
vibration or other damage, and should undergo a field verification.
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All test instrumentation formeasurement of thoseprimary parameters and variableswith the highest sensitivity to the
test results (e.g., DNI, steamandHTF flow, enthalpy) shall be laboratory calibratedprior to the test and shallmeet specific
manufacturing, installation, and operating requirements, as specified in the ASME PTC 19 series supplements, to the
extent these supplements are applicable. There is no mandate regarding quantity of time between the laboratory cali-
bration and the test period. Test instrumentation used to measure all other primary parameters and secondary pa-
rameters does not require laboratory calibration other than that performed in the factory for certification, but it does
require field verification prior to the test.
Following a test, it is required to conduct field verifications on instruments measuring parameters where there is no

redundancyor forwhichdataarequestionable. For thepurposesof redundancy, plant instrumentationmaybeused in the
field verification. If results indicate unacceptable drift or damage, then further investigation is required. Flow element
devicesmeeting the requirements set forth by this Code tomeasure primary parameters and variables need not undergo
inspection following the test if the devices have not experienced conditions that would violate their integrity. Such
conditions include steam blows and chemical cleaning.
In all instances, the manufacturer’s recommendations for timing of calibration should be followed.

4.1.3.7 CalibrationDrift.Calibration drift is defined as a shift in the calibration characteristics.When field verification
indicates the drift is less than the instrument accuracy, the drift is considered acceptable and the pretest calibration is
usedas thebasis fordetermining the test results.Occasionally, the instrument calibrationdrift isunacceptable. Should the
calibration drift, combinedwith the reference standard accuracy as the square root of the sum of the squares, exceed the
required accuracy of the instrument, it is unacceptable.
Calibration drift can result from instrument malfunction, transportation, installation, or removal of the test instru-

mentation. When a field verification indicates drift that does not meet the uncertainty requirements of the test, further
investigation is required.
A post-test laboratory calibrationmay be required, and engineering judgment shall be used to determine whether the

initial or recalibration is correct. This is done by evaluating the field verifications. The following are some recommended
field verification practices that lead to the application of good engineering judgment:

(a) When instrumentation is transported to the test site between the calibration and the test period, a single-point
checkprior to and following the test period can isolatewhen thedriftmayhaveoccurred. Examples of this checkwouldbe
verifying the zero-pressure point on the vented pressure transmitters, the zero-load point on the wattmeters, or the ice
point on the temperature instrument.

(b) In locations where redundant instrumentation is employed, calibration drift should be analyzed to determine
which calibration data (the initial data or recalibration data) produce better agreement between redundant instruments.

4-1.3.8 LoopCalibration.All analog instrumentsused tomeasureprimaryparameters shouldbe loopcalibrated. Loop
calibration involves calibrating the instrument through the signal-conditioning equipment. Thismay be accomplished by
calibrating instrumentation using the test signal-conditioning equipment either in a laboratory or on-site during test
setup before the instrument is connected to process. Alternatively, the signal-conditioning device may be calibrated
separately from the instrument by applying a known signal to each channel using a precision signal generator.
Where loop calibration is not practical, an uncertainty analysis shall be performed to ensure that the combined uncer-

tainty of the measurement system meets the uncertainty requirements described herein.
Instrumentation with digital output needs be calibrated only through to the digital signal output. There is no further

downstream signal-conditioning equipment as the conversion of the units of measure of the measured parameter has
already been performed.

4-1.3.9 QualityAssuranceProgram.Each calibration laboratory shall have a quality assurance program inplace. This
program is a method of documentation that includes the following information:

(a) calibration procedures
(b) calibration technician training
(c) standard calibration records
(d) standard calibration schedule
(e) instrument calibration histories
The quality assurance program should be designed to ensure that the laboratory standards are calibrated as required.

The program should also ensure that properly trained technicians calibrate the equipment in the correct manner.
The parties to the test should be allowed access to the calibration facility for auditing. The quality assurance program

should also be made available during such a visit.
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4-1.4 Plant Instrumentation

Permanent plant instrumentation is recommended formeasuring primary and secondary parameters and variables. It
is acceptable to use plant instrumentation for primary parameters and primary variables. However, any plant instru-
ments that are used shall follow the calibration standards in this Section and be demonstrated to have individual uncer-
tainties (including signal-conditioning equipment) that support the overall test uncertainty requirements.
In the case of flowmeasurement, all instrumentmeasurements (process pressure, temperature, differential pressure,

or pulses from metering device) shall be made available.

4-1.5 Redundant Instrumentation

Redundant instruments are two or more devices measuring the same parameter with respect to the same location.
Whereexperience in theuseof aparticularmodel or typeof instrumentdictates that calibrationdrift canbeunacceptable,
and no other device is available, redundancy is recommended. Redundant instruments should be used to measure all
primary parameters. Exceptions are redundant flow elements and redundant electrical metering devices, because they
would result in a large increase in costs.
Other independent instruments in separate locations can alsomonitor instrument integrity. A sample case would be a

constant enthalpy process where pressure and temperature in a steam or HTF line at one point verify the pressure and
temperature of another location in the line by comparing enthalpies.

4-2 SOLAR DIRECT NORMAL IRRADIANCE MEASUREMENT

4-2.1 Introduction

This subsection presents requirements and guidance regarding measurement of direct normal irradiance (DNI) for
purposes of determining the solar energy crossing the test boundary as input to the solar thermal cycle. This measure-
ment is analogous in its significance to the measurement of fuel input in traditional thermal cycles, as it measures the
primary source of energy entering the test boundary for purposes of producing usable work, energy, or both. Therefore,
DNI measurement is a key measurement in a solar thermal performance test. However, measurement of DNI presents
unique challenges. The selection of instruments for measuring DNI, the number of instruments, the location of instru-
ments in the covered test area, and the maintenance of instruments prior to and during the test period are all critical to
support overall test objectives.
The measurement of DNI should consider and balance the following:
(a) overall uncertainty ofDNImeasurement for the areaof the solar fieldbeing definedas the test boundary in order to

meet the objectives of this Code
(b) the number of instruments that must be used, and the location of these instruments, to obtain a satisfactory set of

measurements that are considered representative of the entire area
(c) the purchase or rental cost of DNI instrumentation as well as the cost of their calibration
(d) the required maintenance of instruments that is necessary to obtain high-quality readings
For a given performance test application for initial acceptance of a facility, it is possible that instrumentation for DNI

measurement has been in place for a period ofmonths or years prior to the time that the test is conducted. These initial or
historical typesofmeasurements are typically to supportdevelopment activities toevaluate and/or confirmthequalityof
the solar resource in a given location prior to major capital investment in the project. This instrumentation, provided it
meets the accuracy requirement, can also be used for ASME PTC 52 testing.
Similarly, DNImeasurementwill be part of normal, long-termoperations of the facility. This regular use is in parallel to

DNImeasurement for purposes of conducting solar thermal performance tests, either short term or long term, as part of
the acceptance of a facility. Thus, instrumentation for DNImeasurement that is part of long-term operations plans can be
used for initial performance testing, provided the uncertainty requirements are met.

4-2.2 Uncertainty

In discussing the uncertainty of the DNI instrumentation, caremust be taken regarding how the uncertainty is defined.
Since measurement of DNI and the instruments involved are complex, there are more sources of error in the overall
measurement than is typical for most other types of measurements. All of these individual sources of error affect the
overall DNI measurement uncertainty.
For ASMEPTC52 testing, themaximum total uncertainty for eachDNI instrument in regular service (i.e., with frequent

readings) is ±2.5%. This value includes the uncertainty of the raw reading itself plus the contributing uncertainty of the
optical alignment (tracking error), cleanliness, temperature, data logging, and any other sources of error.
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Cleanliness and alignment are critical, and care should be taken to ensure DNI instrumentation is deployed and used
properly.

4-2.3 Acceptable Instrumentation

This Code does not dictate a specific type of instrument that must be used for solar energy measurement. Rather, the
Code is intended to set overall criteria for DNImeasurement uncertainty thatmust bemet. However, at the current time,
only one type of instrument can meet this uncertainty requirement. This Code leaves open the possibility for future
developments in DNI instrumentation that also meet the uncertainty requirement.
The two types of instrument commonly used for DNI measurement are the 2-axis tracking pyrheliometer and the

rotating shadowband radiometer (RSR). The pyrheliometer makes a direct reading of DNI and has a significantly better
measurement uncertainty than the RSR. The RSR makes an indirect reading of DNI and also has higher uncertainty in
measurement, though it requires less maintenance during operation.
Where pyrheliometers are used, their receiving surfaces shall be aimed directly at the sun with measurement made

through a small precision aperture in order to take a reading of DNI. The half angle of the aperture shall be about 2.5 deg,
for a total field of viewof5deg. Thepyrheliometer shall bedesigned for continuousmeasurement anddata collection. The
constructionof thepyrheliometermounting shall allow for the rapid and smoothadjustment of the azimuthandelevation
angles. Automatic sun-following equipment (sun tracker) is necessary to assure a direct viewof the sun. A typical sighting
device is a small spot of light or solar image that falls upon amark in the center of the target when the receiving surface is
exactly normal to the direct solar beam. The sighting device shall be able to automatically track and align the instrument.
Instruments used tomeasureDNI shall be designed for unattendedmeasurement. During use, the pyrheliometermust

be well maintained and cleaned on a daily basis, or as determined based on site conditions.
Refer to Table 4-2.3-1 for an indication of themany factors that contribute to overall measurement uncertainty of DNI

measurement and a simple comparison of the pyrheliometer and RSR types of instrument.

Table 4-2.3-1 Contributing Factors to Overall DNI Measurement Uncertainty

Type A Error Source

Ustd
TP

[Note (1)]

Ustd
Si

[Note (2)] Type B Error Source

Ustd
TP

[Note (1)]

Ustd
Si

[Note (2)]
Fossilized calibration error 0.615 0.615 Fossilized calibration error 0.665 0.665
Data logger precision (±50 μV/10 mV)
[Note (3)]

0.5 0.5 Data logger precision (1.7 μV/10 mV)
[Note (3)]

0.02 0.02

Si detector cosine response 0 0.5 Si detector cosine response 0 1.5
Pyrheliometer detector temperature
response [20°C (68°F)]

0.25 0.05 Detector temperature response 0.25 0.05

Pyrheliometer detector Linearity 0.10 0.10 Day-to-day temperature bias [10°C (50°F)] 0.125 0.10
Solar alignment variations (tracker or shade
band) and pyranometer level for Si

0.2 0.1 Solar alignment variations (tracker or shade
band) and pyranometer level for Si

0.125 0.10

Pyrheliometer window spectral
transmittance

0.1 1.0 Pyrheliometer window spectral
transmittance

0.5 1.0

Optical cleanliness (blockage) 0.2 0.1 Optical cleanliness (blockage) 0.25 0.1
Electromagnetic interference and
electromagnetic field

0.005 0.005 Electromagnetic interference and
electromagnetic field

0.005 0.005

TOTAL Type A [Note (4)] 0.889 1.382 TOTAL Type B [Note (4)] 0.934 1.938

GENERALNOTE: This table is adapted fromTable 5-4ofNREL/SR-5500-57272,which in turn is adapted fromTable 3-7ofNREL/TP-550-47465.
As noted in NREL/SR-5500-57272, the combined uncertainty of DNI measurements can be determined from the standard uncertainties in the
errors illustrated in this table for each detector type by summing in quadrature. The resulting standard uncertainty is 1.3% for a pyrheliometer
option and 2.4% for an RSR option. The expanded uncertainty, representing a 95% confidence interval as described in Section 6, is 2.6% for the
pyrheliometer and 4.8% for the RSR.

NOTES:
(1) A thermopile detector (TP) is used for a pyrheliometer.
(2) A silicon (Si) diode pyranometer detector is used for an RSR.
(3) A typical manufacturer-specified accuracy is ±0.05% of full-scale range (typically 50 mV) −25°C to 50°C (−13°F to 122°F); assume a 10-mV

signal to ±50 μV (0.5%) with 1.67-μV resolution (0.02%).
(4) This is summed under quadrature.
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4-2.4 Number of Instruments and Spatial Considerations

An ASME PTC 52 test shall be conducted with at least three DNI instruments that each meet the required uncertainty.
The readings taken from multiple instruments at the same location shall be compared. The difference between these
readings shall be within the allowed uncertainty range. Any differences larger than the uncertainty range shall be
promptly investigated and addressed in order to maintain the necessary accuracy for multiday performance tests
(MDPT).
Aminimum of three DNI instruments shall be placed at one ormore locations that provide a representative reading of

the entire solar field. Chosen locations shall also bedeemed toprovide a representative readingof the entire solar field for
multiday tests. In multiday tests, the short-term impact on DNI due to cloud cover or other temporary shading becomes
insignificant given the longer period of testing. For short-term tests where cloud cover of a portion of the field can be
significantandwouldnotbe identifiedbecauseof a central locationof theDNI instruments, the instrumentsmaybeplaced
indifferent locationswithin the solar field. AdditionalDNImeasurementsmayalsobe consideredat all locationsbasedon
the DNI variation of the specific site.
In fields where instruments are separated, data reduction methods should be agreed to by the parties to the test.

Inconsistencies between instrumentsmay be due to instrumentmalfunction or due to actual spatial variation of DNI, and
data should be reduced accordingly.

4-3 PRESSURE MEASUREMENT

4-3.1 Introduction

This subsection presents requirements and guidance regarding themeasurement of pressure. For additional guidance
and requirements, refer to the current version of ASME PTC 19.2.
Due to the state of the art and general practice, it is recommended that electronic pressuremeasurement equipment be

used for primary parameters and primary variables to minimize systematic and random error. Electronic pressure
measurement equipment is preferred due to inherent compensation procedures for sensitivity, zero balance,
thermal effect on sensitivity, and thermal effect on zero. Other devices that meet the uncertainty requirements of
this Section may be used. The accuracy class and total uncertainty of the pressure measurement system shall
satisfy the overall test uncertainty calculated in the pretest uncertainty analysis. Test personnel shall consider
effects including, but not limited to

(a) water leg
(b) specific gravity of manometer fluid
(c) ambient conditions at sensor
(d) ambient conditions at meter
(e) hysteresis
(f) electrical noise
(g) data acquisition
(h) drift
(i) transducer nonlinearity
(j) gauge, manometer, transducer, or transmitter type
(k) calibration
(l) tap’s location, geometry, and impact on flow
(m) probe design
(n) number and location of measurements
The piping between the process and secondary elements shall accurately transfer the pressure to obtain accurate

measurements. Six possible sources of error are pressure transfer, leaks, friction loss, trapped fluid (e.g., gas in a liquid
line, liquid in a gas line), trapped solids (e.g., frozen solids in impulse lines), and density variations between legs.
All signal cables should have a grounded shield or twisted pairs to drain any induced currents from nearby electrical

equipment. All signal cables should be installed away from electromotive force (EMF) producing devices such asmotors,
generators, electrical conduits, cable trays, and electrical service panels.
Prior to calibration, thepressure transmitter rangemaybealtered tobettermatch theprocess.However, the sensitivity

to ambient temperature fluctuation may increase as the range is altered.
Some pressure transmitters have the capability to change their range once they are installed. The transmitters shall be

calibrated at each range that will be used during the test period.
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Where appropriate for synthetic oil, molten salts, steam, water, and other heat transfer fluids, the readings from all
static pressure transmitters and any differential pressure transmitters with taps at different elevations (such as on
vertical flow elements) shall be adjusted to account for elevation head in the leg established by the fluid (e.g.,
water legs). This adjustment shall be applied at the transmitter, in the control system or data acquisition system,
ormanually by the user after the rawdata are collected. Care shall be taken to ensure this adjustment is applied properly,
particularly at low static pressures, and that it is only applied once.

4-3.2 Uncertainty

The allowable uncertainty will depend on the type of parameters and variables being measured. Refer to para. 4-1.2.2
for discussion on measurement classification.
Primary parameters and variables shall be determinedwith 0.10% accuracy class pressure transmitters or equivalent

that have an instrument systematic uncertainty of ±0.30% or better of calibrated span.
Secondary parameters and variables can be measured with any type of pressure transmitter or equivalent device.

4-3.3 Recommended Pressure Measurement Devices

Pressure transmitters are the recommended pressure measurement devices. There are three types of pressure trans-
mitters due to application considerations.

(a) absolute pressure transmitters
(b) gauge pressure transmitters
(c) differential pressure transmitters

4-3.3.1 Absolute Pressure Measurements. Absolute pressure measurements are pressure measurements that are
belowor above atmospheric pressure. Absolute pressure transmitters are recommended for thesemeasurements. Abso-
lute pressure measurements in an ASME PTC 52 test may include barometric and vacuum pressure measurements.
The barometric pressure measurements should always be outdoors and away from any direct draft.

4-3.3.2 Gauge Pressure Measurements. Gauge pressure measurements are pressure measurements that are at or
above atmospheric pressure. Thesemeasurementsmay bemadewith gauge pressure transmitters or absolute pressure
transmitters. Gauge pressure transmitters are recommended, since they are easier to calibrate and to check in situ. Gauge
pressure measurements in an ASME PTC 52 test may include HTF pressure, auxiliary fuel pressure, and thermal storage
fluid pressure.
The pressure measurements should be located close to the temperature measurements when they are being used to

quantify a fluid energy level.

4-3.3.3 Differential Pressure Measurements. Differential pressure measurements are used to determine the fluid
level of a storage tank or the difference between the inlet pressure and the discharge pressure of a primary flow element.
Differential pressure transmitters are recommended for thesemeasurements. Differential pressuremeasurements in an
ASME PTC 52 test may include the differential pressure of steam, water, HTF or auxiliary fuel through a flow element, or
pressure loss in a pipe or duct. The differential pressure transmittermeasures this pressure difference or pressure drop,
which is used to calculate the fluid flow.

4-3.4 Pressure Instrumentation Installation

Pressure transmitters shall be installed in a stable location to minimize the effects associated with ambient tempera-
ture, vibration, mechanical shock, corrosive materials, and radio frequency interference (RFI). Transmitters should be
installed in the same orientation as theywere calibrated. If the transmitter ismounted in a position other than calibrated,
the zero point may shift by an amount equal to the liquid head caused by the varied mounting position. Impulse tubing
should be installed and the transmitter mounted in accordance with the manufacturer’s specifications. In general, the
following guidelines should be used to determine the transmitter location and placement of impulse tubing:

(a) Keep the impulse tubing as short as possible for the conditions of the process fluid.
(b) Slope the impulse tubing at least 8 cm/m (1 in./ft) upward from the transmitter toward the process connection for

liquid service.
(c) Slope the impulse tubing at least 8 cm/m (1 in./ft) downward from the transmitter toward the process connection

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 (see Table 4-3.4-1).
(f) Keep corrosive or high-temperature process fluid out of direct contact with the sensor module and flanges.
(g) When using a sealing fluid for differential pressure transmitters, fill both impulse legs to the same level.
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In steam service, the sensing line should extend at least two feet horizontally from the source before the downward
slope begins. This horizontal length will allow condensation to form completely, so the downward slope will be com-
pletely 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 calculated by
multiplying the sensing line vertical height by gravity and the density of the liquid in the sensing line.
For high temperature HTF applications, care should be taken when connecting the sensing lines to the transmitters.

Damage could occur to the transmitter or, in the case of molten salts, the HTF could harden which would affect the data
acquisition. In such cases, the use of an intermediate impulse sensing line or diaphragmmay be necessary. In the case of
molten salt application, the molten salt typically freezes at 240°C (465°F) (freezing point may vary based on project-
specific molten salt composition). Therefore, it is recommended to heat trace the impulse tubing for the pressure
measurement to avoid freezing the molten salt. Minor temperature variations in the impulse tubing caused by
heat tracing can introduce small changes of density, which introduce error in the pressuremeasurement. Themagnitude
of error is relatively low in cases of absolute or gauge pressure measurement. However, the magnitude of error is
significantly amplified in the case of differential pressure measurement.
Each pressure transmitter should be installed with an isolation valve at the end of the sensing line upstream of the

instrument. The instrument sensing line should be vented to clear water or steam (in steam service) before the instru-
ment is installed. Thiswill clear the sensing line of sediment ordebris. After the instrument is installed, allowenough time
for liquid to form in the sensing line, so the reading will be correct.
Differential pressure transmitters should be installed using a five-way manifold (see Figure 4-3.4-1). This manifold is

recommended rather than a three-waymanifold, because the five-waymanifold mitigates the possibility of leakage past
the equalizing valve. The vent valve acts as a telltale for leakage detection past the equalizing valves.
When adifferential pressuremeter is installedon a flowelement that is located in a vertical line, themeasurement shall

be corrected for the difference in sensing line height and fluid head change. The exception to this rule is if the upper
sensing line is installed against a steamorwater line inside the insulationdown towhere the lower sensing lineprotrudes
from the insulation. The correction for the noninsulated case is shown in Figure 4-3.4-2.

4-4 TEMPERATURE MEASUREMENT

4-4.1 Introduction

This subsection presents requirements and guidance regarding the measurement of temperature. It also discusses
recommended temperature measurement devices, calibration of temperature measurement devices, and application of
temperature measurement devices. Due to the state of the art and general practice, it is recommended that electronic
temperaturemeasurementequipmentbeused forprimaryparametersandprimaryvariables tominimize systematic and
random error. The uncertainty of the temperature measurement shall consider effects including, but not limited to,
stability, environment, self-heating, parasitic resistance, parasitic voltage, resolution, repeatability, hysteresis, vibration,
warm-up time, immersion or conduction, radiation, spatial variation, and data acquisition.

Table 4-3.4-1 Impulse Line Diameters

Transmitter Fluid Type
Impulse Line Length

0–16 m 16–45 m
Water/steam and dry air/gas 7–9 mm 10 mm
Wet air/wet gas 13 mm 13 mm
Oils with low to medium viscosity 13 mm 19 mm
Very dirty fluids 25 mm 25 mm

GENERALNOTE: ©ISO.Thismaterial is reproduced fromISO2186-2007withpermissionof theAmericanNational Standards Institute (ANSI)on
behalf of the International Organization for Standardization. All rights reserved.
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Figure 4-3.4-1 Five-Way Manifold

Vent

Instrument

Process

Figure 4-3.4-2 Water Leg Correction for Flow Measurement

hDP

GENERAL NOTE:
For upward flow: Δptrue = Δpmeas + (ρamb − ρpipe)(g/gc)h
For downward flow: Δptrue = Δpmeas − (ρamb − ρpipe)(g/gc)h
where

g = local gravitational force per unit mass; approximately 9.81 m/s2 (32.17 ft/sec2)
gc = gravitational dimensional constant
x = 1.00 (kg-m)/(N-s2) [32.17 (lbm-ft)/(lbf-sec2)]
h = difference in water leg, m (ft)

Δpmeas = measured pressure difference, Pa (lbf/ft2)
Δptrue = true pressure difference, Pa (lbf/ft2)
ρamb = fluid density at ambient conditions, kg/m3 (lbm/ft3)
ρpipe = fluid density at conditions within pipe, kg/m3 (lbm/ft3)
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4-4.2 Uncertainty

The allowable uncertainty will depend on the type of parameters and variables being measured. Refer to para. 4-1.2.2
for discussion on measurement classification.

(a) Temperaturemeasurement of primary parametersmade on the primaryHTF andwater or steam systems shall be
determined with temperature measurement devices that have an instrument systematic uncertainty of no more than
±0.20°C (±0.36°F) for temperatures less than 93°C (200°F) and no more than ±0.50°C (±0.9°F) for temperatures more
than 93°C (200°F).

(b) All other primary parameters and variables, aswell as secondary parameters and variables, should be determined
with temperaturemeasurement devices that have an instrument systematic uncertainty of nomore than±2.0°C (±3.6°F).
The uncertainty limits in (a) and (b) are exclusive of any temperature spatial gradient uncertainty effects, which are

considered to be systematic.

4-4.3 Location and Redundancy

The location at which the primary temperature measurements are taken for use in determining enthalpy shall be as
close as possible to the points atwhich the correspondingpressures are to bemeasured. Thermowells should be installed
downstream of pressure taps, or, if upstream, they should not be in the same longitudinal plane as the pressure traps.
Thermowells shall be installedwithin four pipe diameters of each other andmay be in line, axially, if installed at least two
pipe diameters apart. If installed within two pipe diameters, the thermowells shall be at least 45 deg apart measured
circumferentially.
Redundant instruments are two or more devices measuring the same parameter with respect to the same location.

Redundant measurements are required for primary parameters made on primary HTF and working fluid systems.
The mean of the redundant readings shall be considered the measurement of the fluid. Discrepancies between the

readings must be resolved if they exceed 0.56°C (1°F). Temperature differences caused by flow stratification shall be
minimized by locating the temperature sensor sufficiently downstream of an elbow to allowmixing of the stratified flow
before the measurement point.

4-4.4 Recommended Temperature Measurement Devices

Thermocouples, resistance temperature detectors (RTDs), and thermistors are the recommended temperature
measurement devices. Economics, application, and uncertainty considerations should be used in the selection of
the most appropriate temperature measurement device.

4-4.4.1 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 the sheath material used.
Thermocouples should not be used for measurements below 93°C (200°F). Measurement errors associated with

thermocouples typically derive from the following sources:
(a) junction connection
(b) decalibration of thermocouple wire
(c) shunt impedance
(d) galvanic action
(e) thermal shunting
(f) noise and leakage currents
(g) thermocouple specifications
The elements of a thermocouple shall be electrically isolated from each other, from ground, and from conductors on

which theymay bemounted, except at themeasuring junction.When a thermocouple ismounted along a conductor, such
as a pipe or metal structure, special care should be taken to ensure good electrical insulation between the thermocouple
wires and the conductor to prevent stray currents in the conductor fromentering the thermocouple circuit and impairing
the readings. Stray currentsmay be further reduced by using guarded integrating analog-to-digital (A/D) techniques. To
reduce the possibility ofmagnetically induced noise, the thermocouplewires should be constructed in a twisted, uniform
manner.
Thermocouples are susceptible to drift after cycling. Cycling is the act of exposing the thermocouple to process

temperature and removing it to ambient conditions. Where possible, the number of times a thermocouple is cycled
should be kept to a minimum. Since multiday performance tests will result in daily temperature cycling, thermocouples
used as primary instruments should be monitored for drift during an MDPT and recalibrated as appropriate.
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Thermocouples used to measure primary parameters shall have continuous leads from the measuring junction to the
connectionon the reference junction. Thesehigh-accuracy thermocouples shall have a reference junction at 0°C (32°F) or
an ambient reference junction that iswell-insulated and calibrated. Alternatively, equipmentwith cold junction compen-
sation may be used in lieu of an ice bath or insulated reference junction.
Thermocouplesused tomeasure all other temperatureparameters canhave junctions in the sensingwire. The junction

of the twosensingwires shall bemaintainedat the same temperature. The reference junctionmaybe at ambient tempera-
ture provided that the ambient temperature is measured, and the measurement is compensated for changes in the
reference junction temperature. Alternatively, equipment with cold junction compensation may be used in lieu of
an ice bath or insulated reference junction.

4-4.4.1.1 Reference Junctions. The temperature of the reference junction shall be measured accurately with either
softwareorhardwarecompensation techniques.The reference junction temperature shall beheldat the icepointorat the
stable temperature of an isothermal reference. When thermocouple reference junctions are immersed in an ice bath,
consisting of a mixture of melting shaved ice and water,1 the bulb of a precision thermometer shall be immersed at the
same level as the reference junctions and in contact with them. Any deviation from the ice point shall be promptly
corrected. Each reference junction shall be electrically insulated. When the isothermal-cold junction reference
method is used, it shall employ an accurate temperature measurement of the reference sink. When electronically
controlled reference junctions are used, they shall have the ability to control the reference temperature to within
±0.03°C (±0.05°F). Particular attention shall be paid to the terminals of any reference junction, since temperature varia-
tion,material properties, or themismatching ofwires can introduce errors. The overall reference system shall be verified
by calibration to have anuncertainty of less than±0.1°C (±0.2°F). Isothermal thermocouple reference blocks furnished as
part of digital systems may be used in accordance with the Code provided the accuracy is equivalent to the electronic
reference junction. Commercial data acquisition systems employ ameasured reference junction, and the accuracy of this
measurement is incorporated into the manufacturer’s specification for the device. The uncertainty of the reference
junction shall be included in the uncertainty calculation of the measurement to determine if the measurement
meets the standards of this Code.

4-4.4.1.2 Thermocouple Signal Measurement.Many instruments are available to measure the output voltage. The
use of each of these instruments in a system to determine temperature requires theymeet the uncertainty requirements
for the parameter.

4-4.4.2 Resistance Temperature Detectors (RTDs).RTDs should only be used tomeasure temperatures from−270°C
to 850°C (−454°F to 1,562°F). ASTM E1137-97 provides standard specifications for industrial platinum resistance ther-
mometerswhich includerequirements formanufacture, pressure, vibration, andmechanical shock to improve theperfor-
mance and longevity of these devices.
Measurement errors associated with RTDs are typically derived from the following sources:
(a) self heating
(b) environmental
(c) thermal shunting
(d) thermal EMF
(e) stability
(f) immersion
(g) installation errors
(h) lead wire resistance that is not properly compensated
RTDs are considered more linear devices than thermocouples, but RTDs are more susceptible to calibration drift or

failurewhen used in vibrational applications. Thismeans that care should be taken in the specification and application of
RTDswith consideration fordrift on thedevices’ stability. Field verification techniques shouldbeused todemonstrate the
stability is within the uncertainty requirements of para. 4-3.2.
Class 1 primary parameters shall bemeasuredwith aGradeA four-wire platinumRTDaspresented in Figure 4-4.4.2-1,

illustration (a). The four-wire technique is preferred to minimize effects associated with lead wire resistance caused by
dissimilar lead wires. All other parameters may be measured with Grade A three-wire platinum RTDs as presented in
Figure 4-4.4.2-1, illustration (b).
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 requirements for the parameter.

1 ASTM MNL 12
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4-4.4.3 TemperatureScale.The InternationalTemperature Scaleof 1990 (ITS-90) is realizedandmaintainedbyNIST
to provide a standard scale of temperature for use by science and industry in theUnited States. This scalewas adopted by
the International Committee of Weights and Measures at its meeting in September 1989 and it became the official
international temperature scale on January 1, 1990. The ITS-90 supersedes the International Practical Temperature
Scale of 1968 (IPTS-68), the amended edition of 1975 [IPTS-68 (75)], and the 1976 Provisional 0.5 to 30 K Temperature
Scale (EPT-76).
Temperatures on the ITS-90 canbeexpressed in termsof international kelvins (K), representedby the symbolT90, or in

terms of international Celsius (°C), represented by the symbol t90. The relation between T90 and t90 is
=t T 273.1590 90

Fahrenheit temperatures, tf, (°F), are obtained from the conversion formula

= +i
k
jjj y

{
zzzt t9

5
32f 90

The ITS-90 was designed in such a way that its temperature values very closely approximate kelvin thermodynamic
temperature values. Temperatures on the ITS-90 are defined in terms of equilibrium states of pure substances (defining
points), interpolating instruments, and equations that relate the measured property to T90. The defining equilibrium
states and the values of temperature assigned to them are listed in NIST Technical Note 1265 and ASTM MNL 12.

Figure 4-4.4.2-1 Three- and Four-Wire RTDs

Measurement
loop

Current
loop

(a) Four-Wire RTD

(b) Three-Wire RTD

Current and
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4-4.5 Calibration of Primary Parameter Temperature Measurement Devices

This Code recommends that primary parameter instrumentation used in the measurement of temperature have a
suitable calibrationhistory (threeor four sets of calibrationdata). The calibrationhistory should include the temperature
level the device experienced between calibrations. A device that is stable after being used at low temperaturesmaynot be
stable at higher temperatures. Hence, the calibration history of the device should be evaluated to demonstrate the
required stability of the parameter.
During the calibration of any thermocouple, the reference junction shall be held constant, preferably at the ice point,

with an electronic reference junction, isothermal reference junction, or in an ice bath. The calibration shall bemade by an
acceptable method, with the standard being traceable to a recognized national standards laboratory such as NIST. The
calibration shall be conducted over the temperature range in which the instrument is used.
The calibration of temperature measurement devices is accomplished by inserting the candidate temperature

measurement device into a calibration medium along with a traceable reference standard. The calibration medium
type is selected based on the required calibration range and commonly consists of either a block calibrator, a fluidized
sand bath, or a circulating bath. The temperature of the calibrationmedium is then set to the calibration temperature set
point. The temperature of the calibration medium is allowed to stabilize until the temperature of the standard is fluc-
tuating 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 candidate temperature device. See ASME PTC 19.3 for a
more detailed discussion of calibration methods.

4-4.6 Typical Applications

4-4.6.1 Temperature Measurement of Fluid in a Pipe or Vessel. Temperature measurement of a fluid in a pipe or
vessel is accomplished by installing a thermowell. A thermowell is a pressure‐tight device that protrudes from thepipe or
vessel wall into the fluid to protect the temperature measurement device from harsh environments, high pressure, and
flows. The thermowell can be installed into a system by a threaded, socket-weld, or flanged connection and has a bore
extending to near the tip to facilitate the immersion of a temperature measurement device.
The bore should be sized to allow adequate clearance between the temperaturemeasurement device and thewell. The

temperature measurement device often 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 temperaturemeasurement device.

Tubes and wells should be as thin as possible, consistent with safe stress and other ASME Code requirements, and the
inner diameters of thewells should be clean, dry, and free from corrosion or oxide. The bore should be cleanedwith high‐
pressure air prior to insertion of the device.
The thermowell should be installed so that the tip protrudes through the boundary layer of the fluid to be measured.

Unless limited by design considerations, the temperature sensor shall be immersed in the fluid at least 75mm (3 in.) but
not less than one-quarter of the pipe diameter. If the pipe is less than 100mm (4 in.) in diameter, the temperature sensor
shall be arranged axially in the pipe by inserting it in an elbowor tee. If such fittings are not available, the piping should be
modified tomake thispossible. The thermowell shouldbe located in anareawhere the fluid iswellmixedandhasminimal
potential gradients. If the location is near the discharge of a boiler, turbine, condenser, or other power plant component,
the thermowell should be downstream of an elbow in the pipe.
If more than one thermowell is installed in a given pipe location, they should be installed on opposite sides of the pipe

and not directly downstream from the other thermowell.
When the temperature measurement device is installed it should be spring-loaded to ensure positive thermal contact

between the temperature measurement device and thermowell.
For primary parameter measurements, this Code recommends that the portion of the thermowell or lag section

protruding outside the pipe or vessel be insulated, along with the measurement device itself, to minimize conduction
losses.

4-4.6.2 TemperatureMeasurement of Ambient Air.The dry bulb air temperature is the static temperaturemeasured
at the equipment boundary. The temperature sensor shall be shielded from solar and other sources of radiation and shall
have a constant air flow across the sensing element. Aminimumof two concentric, cylindrical radiation shields should be
employed. The outermost shield should be white while the inner shield should be black. A mechanically aspirated
psychrometer may be used. If a psychrometer is used, a wick should not be placed over the sensor (as is required
for measurement of wet bulb temperature). If the air velocity across the sensing element is greater than 7.5 m/s
(25 ft/sec), shielding of the sensing element is required.
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There can be several ambient temperature measurement points for a solar power plant. The parties to the test may
agree that a single reading of ambient air temperature is adequate. Consideration should be given to the logistics asso-
ciatedwith instrumenting a large areaof a solar plant to avoid long leadsbefore the temperaturemeasurements reach the
data acquisition system.

4-5 FLOW MEASUREMENT

4-5.1 Introduction

This subsection presents requirements and guidance regarding the measurement of flow. It also discusses recom-
mended flow measurement devices, calibration of flow measurement devices, and application of flow measurement
devices.
The selection of flow measurement instrument types and their associated measurement uncertainties is greatly

impacted by the size of the associated piping, the process fluid temperature, and the fluid being measured. As described
in para. 4-1.2.3, flowmeasurement on the water or steam side may be accomplished in accordance with ASME PTC 19.5,
whereas flow measurement on the HTF side, by necessity, may require metering of some other type with a larger
measurement uncertainty.
The need to accommodate widely varying flow rates during long-term, multiday tests complicates accurate flow

measurement. Differential pressure meters have acceptable levels of uncertainty for normal operating range but
have limited turndown capabilities and larger uncertainties as flow decreases to levels that may exist during low
load operations, which will be seen on a daily basis. Ultrasonic and vortex meters have better turndown characteristics
but a higher uncertainty. The selection of flow measurement instrument types must balance these different demands.
Regardless of the type of meter selected, start-up procedures must ensure that spool pieces are provided during

conditions that may violate the integrity of the flow measurement device to avoid altering the device’s characteristics.
Such conditions include steam blows and chemical cleanings. While the flow measurement device is stored, it shall be
capped andprotected fromenvironmental damage such asmoisture and dirt. During operation, it is recommended that a
strainer be installed upstream of the flow measurement device to protect the meter from objects and debris.
If the fluid doesnot remain in a single phasewhile passing through the flowmeasurement device, or if it has twophases

whenentering themeter, then it is beyond the scopeof this Code.Water shouldnot flash into steamwhenpassing through
the flow measurement device. Steam should remain superheated when passing through the flow measurement device.
ASMEPTC12.4describesmethods formeasurementof two‐phase flow in instanceswhena lackof othermethodsmakes it
necessary to measure the flow rate of a two‐phase mixture. However, the high uncertainty of doing so should encourage
other measurement locations and methods of flow measurement.
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 fromEMF-producing devices such asmotors, generators, electrical
conduits, cable trays, and electrical service panels.
Mass flow rate as shown by computer printout or flow computer is not acceptable unless the intermediate results and

the data used for the calculations are also reported. In the case of a differential pressure classmeter, intermediate results
include the discharge coefficient, correcteddiameter for thermal expansion, expansion factor, etc. Rawdata include static
pressure, differential pressure, and temperature. In the case of a mechanical, ultrasonic, or vortex meter, intermediate
results include the meter constant(s) used in the calculation and how it is determined from the calibration curve of the
meter. Data include frequency, temperature, and pressure. For all types of flow measurement devices, intermediate
results used in the calculation of the fluid density are required.
When a flow measurement device is laboratory calibrated, the entire primary device shall be calibrated. This shall

include theprimary element, upstreamanddownstreammetering runs, and flowconditioners. The entireprimarydevice
shall be shipped as one piece, dirt and moisture free, and not disassembled for shipping, installation, inspection, or any
other reason in order for the laboratory calibration to remain valid. If a metering run is taken apart at the primary
element’s flanges, or the primary element is removed for inspection, then the empirical formulations for discharge
coefficient and the associated uncertainty should be used for that meter unless a positive, mechanical alignment
method is in place to replicate the precise position of the meter run or primary element when it was calibrated.

CSP Plant Special Considerations. The flow rate ofmolten salt is bestmeasuredwith noncontact devices. Ultrasonic and
radarmeasurements avoid the possibility of sensor damage from high temperature or fluid freezing/solidification. Flow
ofmolten salt should bemeasured in a cold temperature zone, but care should be taken to ensure the temperature of the
fluid stays above the melting point of the salt.
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4-5.2 Uncertainty

There is potential in solar thermal testing for diverse types of instruments to be used for flowmeasurement, depending
on the fluid type, pipe size, and desired level ofmeasurement uncertainty. Themaximumallowable uncertainty required
by thisCodedependson thespecificsof the flowmeasurement. Forexample, even though the flowrate forHTF is critical to
theoverallmeasurement uncertainty of the test, depending on the situation, small uncertainties typical of ASMEPTC19.5
flow measurements simply cannot be achieved.
Table 4-5.2-1 lists typical measurement uncertainties for flow measurement instruments. If a differential-type flow-

meter is used for measurement of the HTF in themain circuit, it shall have a laboratory calibration performed unless the
device can demonstrate a systematic uncertainty lower than ±0.5% without calibration. All other flowmeters do not
require laboratory calibration.
Secondary parameters and variables can be measured with any type of flow measurement device.

4-5.3 Recommended Flow Measurement Devices

Table 4-5.3-1 lists recommended flowmeters for specific applications.
The uncertainty of flow measurement depends on many factors, including
(a) type of instrument used for the measurement
(b) type of fluid
(c) temperature and pressure (hence the density) of the fluid
(d) viscosity of the fluid
(e) flow velocity and Reynolds number (laminar or turbulent)
(f) compressibility of the fluid
(g) size of the pipe
(h) type of flow, e.g., continuous or pulsating
The selection of the flow measurement instrument for the test should follow ASME PTC 19 recommendations for

uncertainty for the type of instrument that will be used, to the extent the type of instrument is covered in ASME PTC 19.
Table 4-5.2-1 lists uncertainties associatedwith various types of flow instruments. The information in the table should be
used in the selection of the flowmeasurement instrument. Due to specific flow conditions (size of the pipe, temperature,
velocity, etc.), the uncertainty of the flow measurement may be outside the typical value identified in Table 4-5.2-1.
Meter typesother than those recommended inTable4-5.3-1orwhose typical uncertainty levels areoutside those listed

in Table 4-5.2-1 are acceptable as long as the overall test uncertainty goals are met. Cost, application, and uncertainty
shouldbe considered in the selectionof a flowmeasurement device. Since flowmeasurement technologywill changeover
time, thisCodedoesnot limit theuseofother flowmeasurementdevicesnot currentlyavailableornot currently reliable. If
such devices become available and are shown to be of the required uncertainty and reliability, they may be used.
The different types of devices are discussed in paras. 4-5.3.1 through 4-5.3.2.4.

Table 4-5.2-1 Typical Maximum Measurement Uncertainties for Flow Measurement Instruments

Type of Flow Measurement Instrument Typical Maximum Measurement Uncertainty, %
Orifice 0.6 to 1.0
Venturi <0.75 to 1.5
Throat tap nozzle <0.35 to 0.5
Wall tap nozzle <0.75 to 1.25
Turbine 0.25 to 1.0
Magnetic 0.5 to 1.0
Ultrasonic 1.0 to 5.0
Coriolis 0.1 to 0.2
Positive displacement 1.0 to 1.5
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4-5.3.1 Differential Pressure Meters. In this paragraph, the application and calibration requirements for the differ-
ential pressuremeters (i.e., orifice, nozzle, venturi) are introduced.Wheredifferentialpressure–typedevicesareselected,
they should be designed and installed in accordance with ASME PTC 19.5.
All differential pressure meters used in the measurement of an HTF circuit shall be laboratory calibrated. If flow

straighteners or other flow conditioning devices are used in the test, they shall be included in the meter piping
run when the calibration is performed. Qualified hydraulic laboratories commonly calibrate within an uncertainty
of approximately 0.2%. Thus, with inherent curve-fitting inaccuracies, uncertainties of less than 0.3% in the discharge
coefficients of laboratory-calibratedmeters can be achieved. Differential pressuremeters used in themeasurement of all
other primary parameters and variables may use the empirical formulations for the discharge coefficient for differential
pressure class meters if the uncertainty requirements are met and the meter is manufactured, installed, and operated in
strict accordance with ASME PTC 19.5.
In order for a differential pressure meter to be used for the HTF main circuit, it shall be manufactured, calibrated,

installed, and operated in strict accordancewith ASME PTC 19.5, and the flow shall be calculated in accordancewith that
Code. This includes the documentation on factorymeasurements ofmanufacturing requirements perASMEPTC19.5 and
dimensional specifications of the installation, including upstream and downstream disturbances. The start-up proce-
dures shall be examined to validate compliance with the requirements of ASME PTC 19.5.
HTF main circuit flow shall be measured with a minimum of two sets of differential pressure taps, each with inde-

pendent differential pressuremeasurement devices. It is recommended that the sets of pressure taps be separated by 90
deg or 180deg. Additionally, it is recommended for the throat tap nozzle that themeter bemanufacturedwith four sets of
differential pressure taps located 90 deg apart and that they be individually measured. Further, the flow calculation
shouldbedone separately for eachpressure tappair, andall calculations should thenbeaveraged. Investigation isneeded
if the results differ from each tap set calculation by more than the flow measurement uncertainty. In cases where the
metering run is installed downstream of a bend or tee, it is recommended that the pairs of single taps be installed so that
their axes are perpendicular to the plane of the bend or tee.
Differential pressuremeters should be assembled, calibrated (if applicable), and left intact for the duration of the test.

Once manufactured and calibrated (if applicable), the flowmeter assembly should not be disassembled at the primary
element flanges. If it is necessary to disassemble the flowmeter assembly for inspection or any other reason prior to the
test, provisions for the accurate realignment and reassembly, such as pins, shall be built into the section to replicate the
precisepositionof the flowelementwhen itwasmanufactured andcalibrated (if applicable), or the empirical formulation
shall be used in the calculation of flow. Additionally, gaskets or seal rings (if used) shall be inserted in such away that they
do not protrude at any point inside the pipe (or across the pressure tap or slot when corner tap orifice meters are used).

4-5.3.1.1 Orifice Meters

4-5.3.1.1.1 Application. Orifice meters are recommended for measuring the flow rate of water or low-pressure
steam through pipe greater than 8 cm (3 in.) in diameter.
In accordancewithASMEPTC19.5, three typesof tapgeometries are recommended: flange taps,DandD/2 taps (where

D=diameter), andcorner taps.ThisCoderecommends thatonly flange tapsor corner tapsbeusedwithorificemeters that
measure for primary variables.
The lip-like upstream side of the orifice plate that extends out of the pipe, called the tag, shall be permanently marked

with the following information:

Table 4-5.3-1 Recommended Flowmeter as a Function of Application

Application
Recommended Flowmeter TypeType of Flow Nominal Diameter of Piping

Water or low-pressure steam ≥8 cm (≥3 in.) Differential pressure orifice, nozzle, or venturi in accordance
with ASME PTC 19.5

Steam or gas ≥10 cm (≥4 in.) Differential pressure nozzle or venturi in accordance with
ASME PTC 19.5

Oil, including HTF oil <8 cm (<3 in.) Turbine or positive displacement
HTF oil ≥8 cm and ≤30 cm (≥3 in. and ≤12 in.) Differential pressure orifice, nozzle, or venturi in accordance

with ASME PTC 19.5
>30 cm (>12 in.) Ultrasonic flowmeters in accordance with ASME MFC-5.1 or

vortex shedding flowmeters in accordance with ASME MFC-6
Molten salt All diameters Ultrasonic flowmeters in accordance with ASME MFC-5.1 or

vortex shedding flowmeters in accordance with ASME MFC-6
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(a) identification as the upstream side
(b) measured bore diameter to five significant digits
(c) measured upstream pipe diameter to five significant digits, if the tag is from the same supplier as the orifice plate
(d) instrument or orifice identifying number

4-5.3.1.1.2 Calibration. Water calibration of an orifice meter does not increase the measurement uncertainty
when themeter is used in gasmeasurements. The uncertainty of the expansion factor of the fundamental flow is the same
whether the orifice is water or air calibrated. The procedure for curve fitting, including extrapolation if necessary, and
evaluating the curve for the coefficient of discharge shall be conducted in compliance with ASME PTC 19.5.

4-5.3.1.2 Nozzle Meters

4-5.3.1.2.1 Application. Nozzle meters are recommended for measuring the flow rate of water or high-pressure
steam through pipes 10 cm (4 in.) in diameter or larger.
Thenozzlemeters shall be installed in accordancewithASMEPTC19.5,with the three types of ASMEprimary elements

that are recommended therein.

4-5.3.1.2.2 Calibration. At least 20 calibration points should be run over the widest possible range of Reynolds
numbers that applies to the performance test. The procedure for determiningwhether the calibration curve parallels the
theoretical curve shall be conducted inaccordancewithASMEPTC19.5. Theprocedure for fitting, includingextrapolation
ifnecessary, andevaluating the curve for thecoefficientofdischargeshall alsobeconducted in compliancewithASMEPTC
19.5.

4-5.3.1.3 Venturi Meters

4-5.3.1.3.1 Application. Venturi meters are recommended for measuring the flow rate of water or high-pressure
steam in pipes 10 cm (4 in.) in diameter or larger.
In accordancewithASMEPTC19.5, theASME(classicalHerschel) venturi is the recommended typeof primaryelement.

Other venturis may be used if an equivalent level of care is taken in their fabrication and installation and if they are
calibrated in a laboratorywith the samecareandprecisionas required inASMEPTC19.5 andherein. The convergent cone
of a venturi is effective as a flow conditioner for the throat section. As such, the upstream length requirements for venturi
meters are commonly less than those of alternative differential pressure class meters for the same upstream conditions.

4-5.3.1.3.2 Calibration. Calibration shall be in accordance with ASME PTC 19.5, due to similar design considera-
tions.

4-5.3.2 MechanicalMeters. In this subsection, the application and calibration requirements for the use of turbine and
positive displacement meters are presented. Turbine meters will be presented first, and positive displacement meters
follow. Turbine meters are commonly classified as inference meters, as they measure certain properties of the fluid
stream and infer a volumetric flow. Positive displacement meters are commonly classified as direct meters, as they
measure volumetric flowdirectly by continuously separating (isolating) a flow stream into discrete volumetric segments
and counting them.
A fundamental difference betweendifferential pressuremeters andmechanicalmeters is the flow equation derivation.

For differential pressure meters, flow calculation may be based on fluid flow fundamentals using a first law of thermo-
dynamics derivation where deviations from theoretical expectation may be assumed under the discharge coefficient.
Thus, one canmanufacture, install, and operate a differential pressuremeter of known uncertainty. Conversely, mechan-
ical meter operation is not rooted deeply in the fundamentals of thermodynamics. Mechanical meters have performance
characteristics established by design and calibration. Periodic maintenance, testing, and recalibration is required,
because the calibration will shift over time due to wear, damage, contamination, or a combination of these factors.
All mechanical meters used in the measurement of primary parameters and variables shall be laboratory calibrated.

These calibrations shall be performedon eachmeter using fluid, operating conditions, andpiping arrangements as nearly
identical to the test conditions as practical. If flow straighteners 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.Turbinemeters are recommended formeasuring the flowrateofwater throughpipes less
than 8 cm (3 in.) in diameter.
The turbinemeter is an indirect volumetricmeter. Itsmain component is an axial turbinewheel that turns freely in the

flowing fluid. The turbine wheel is set in rotation by the fluid at a speed which is directly proportional to the average
velocity of the fluid in the free cross section of the turbine meter. The speed of the turbine wheel is therefore directly
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proportional to the volumetric flow rate of the fluid, with the number of revolutions proportional to the volume that has
passed through the meter. There are two basic turbine meter designs: electromagnetic and mechanical.
The electromagnetic turbine meter has a rotor and bearings. The rotor velocity is monitored by counting the pulses

generated as the rotor passes through amagnetic flux field createdby apickup coil located in themeasurementmodule. A
meter factor, or K factor, is determined for the meter in a flow calibration laboratory by counting the pulses for a known
volume of flow. Themeter factor is normally expressed as pulses per actual cubic foot (acf). This K factor is unique to the
meter and defines the meter’s accuracy.
Themechanical stylemeter uses amechanical gear train to determine the rotor’s relationship to volume. The gear train

is commonly comprised of a series ofworm gears, drive gears, and intermediate gear assemblies that translates the rotor
movement to a mechanical counter. In the mechanical style meter, a proof curve is established in a flow calibration
laboratory, and a combination of change gears is installed to shift the proof curve to 100%.
Turbinemeterperformance is commonlydefinedby rangeability, linearity, and repeatability. Rangeability is ameasure

of the stability of theoutputunderagivenset of flowconditions. It is definedas the ratioof themaximummeter capacity to
the minimum meter capacity for a set of operating conditions, and during which the meter maintains its specified
accuracy. Linearity is defined as the total deviation in the meter’s 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 ability of the meter to indicate the same reading each time
the same conditions exist and is normally expressed as ±0.1% for liquids and ±0.25% for gases. Accuracy shall be
expressed as a composite statement of repeatability and linearity over a stated range of flow rates.
Turbine meters are susceptible to over registration due to contaminants, positive swirl, nonuniform velocity profile,

and pulsations. In gas flow, contaminants 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 fluid cause the rotor to over register. For all fluids, positive upstream swirl may be caused by a variety of
conditions that may include out-of-plane elbows, insufficient flow conditioning, partially blocked upstream filters, or
damaged internal straightening vanes. The positive swirl causes the fluid flow to strike the rotor at an accentuated angle,
causing the rotor to over register. If there is a distortion of the velocity profile at the rotor inlet introduced by upstream
piping configuration, valves, pumps, flange misalignments, or other obstructions, the rotor speed at a given flow will be
affected. For a given average flow rate, a nonuniform velocity profile generally results in a higher rotor speed than a
uniform velocity profile. In pulsating flow, the fluid velocity increases and decreases, resulting in a cyclical acceleration
and deceleration of the rotor causing a netmeasurement over registration. Dual-rotor turbinemeters with self-checking
and self-diagnostic capabilities are recommended to aid measurement accuracy and to detect and adjust for mechanical
wear, fluid friction, and upstreamswirl. Additionally, dual-rotormeters’ electronics and flowalgorithmsdetect andmake
partial adjustments for severe jetting and pulsation. ASME PTC 19.5 should be consulted for guidance on assessing flow
disturbances that may affect meter performance and standardized tests.

4-5.3.2.1.2 Calibration. In accordance with ASME PTC 19.5, an individual calibration shall be performed on each
turbine meter at conditions as close as possible to the test conditions under which the meter is to operate. This shall
include using the fluid, operating conditions (temperature and pressure), and piping arrangements as nearly identical to
the test conditions as is practical. Calibration data points shall be taken at flow rates that surround the range of expected
test flows. The orientation of the turbine meter influences the nature of the 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 inwhich it was calibrated. The turbinemeter calibration report shall be examined to confirm the uncertainty
as calibrated in the calibration medium.
As the effect of viscosity on the turbine meter calibration K factor is unique, turbine meters measuring liquid fuel flow

rate shall be calibrated at two kinematic viscosity points surrounding the test fluid viscosity. Each kinematic viscosity
point shall have three different calibration temperatures that encompass the liquid fuel temperature expected during the
test. It is recommended that auniversal viscosity curvebedeveloped to establish the sensitivity of themeter’sK factor as a
functionof the ratioof theoutput frequency to thekinematic viscosity.Theuniversal viscosity curve reflects thecombined
effects of velocity, density, and absolute viscosity acting on the meter. The latter two effects are combined into a single
parameter by using kinematic viscosity.
The result of the turbine meter calibration shall include
(a) the error at the minimum flow and maximum flow and the error at the following flow rates in between: 10% of

maximum flow, 25% of maximum flow, 40% of maximum flow, and 70% of maximum flow
(b) the name and location of the calibration laboratory
(c) the method of calibration (bell prover, sonic nozzles, critical flow orifice, master meters, etc.)
(d) the estimated uncertainty of the method, calculated using ASME PTC 19.1
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(e) the nature and conditions (pressure, temperature, viscosity, specific gravity) of the test fluid
(f) the position of the meter (horizontal, vertical–flow up, vertical–flow down)
In presenting the calibration data, either the relative error or its opposite (the correction) or the volumetric efficiency

or its reciprocal (the meter factor) shall be plotted versus the meter bore Reynolds number. The meter’s bore shall be
measured accurately as part of the calibration process.

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 all size pipes,
but in particular for pipes less than 8 cm (3 in.) in diameter. There are many designs of positive displacement meters,
includingwobbleplate, rotatingpiston, rotatingvanes, andgearor impeller types.All of thesedesignsmeasurevolumetric
flow directly by continuously separating (isolating) a flow stream into discrete volumetric segments and counting them.
As such, positive displacement meters are often called volumeters. Because each count represents a discrete volume of
fluid, positive displacementmeters are ideally suited for automatic batching and accounting. Unlike differential pressure
meters and turbine meters, positive displacement meters are relatively insensitive to piping installations and otherwise
poor flowconditions. Theyaremoreof a flowdisturbance thanpractically anythingelseupstreamordownstream inplant
piping.
Positive displacement meters provide high accuracy (±0.1% of actual flow rate in some cases) and good repeatability

(±0.05% of reading in some cases), and accuracy is not significantly affected by pulsating flow unless it entrains air or
other gas in the fluid. Turndowns as high as 100:1 are available, although ranges of 15:1 or lower are more common.
Use of positive displacement meters is recommendedwithout temperature compensation. The effects of temperature

on fluiddensity canbeaccounted forby calculating themass flowbasedon the specific gravity at the flowing temperature.
= ×m

(See subsection 2-1 for nomenclature.)

4-5.3.2.2.2 Calibration.The recommended practice is to calibrate positive displacementmeters in the same fluid
at the same temperature and flow rate that is expected in their intended performance test environment or service. If the
calibration laboratory does not have the identical fluid, the next best procedure is to calibrate themeter in a similar fluid
over the same range of viscosity-pressure drop factors expected in service. This recommendation implies duplicating the
absolute viscosity of the two fluids.

4-5.3.2.3 Ultrasonic Flowmeters. Ultrasonic flowmeters measure flow velocity using sound waves. An ultrasonic
flowmeter transmits a sound wave over the pipe and in the same direction as the liquid flow. Then the sound wave is
reflectedback in theoppositedirection to the flowdirection. Thedifference in sound transit timebetween the soundwave
traveling in theoppositedirection to the liquid flowand the transit time in thesamedirectionas the flow indicates the flow
velocity in the pipe. Since delay time is measured at short intervals, both in and against flow direction, viscosity and
temperature have no influence on measurement accuracy.
The ultrasonic transducers function as both transmitters and receivers of the ultrasonic signals. Measurement is

performed by determining the time it takes the ultrasonic signal to travel with and against the flow between two
points, A and B. The principle can be expressed as follows:

= ×

= ×

×
u K

K

t t

t t
t

t

B,A A,B

B,A A,B

2

where
K = proportional flow factor for the ultrasonic meter
t = transit time

tA,B = transit time of sound wave from point A to point B
tB,A = transit time of sound wave from point B to point A

u = average flow velocity

This measuring principle offers the advantage that it is independent of variations in the actual sound velocity of the
liquid, i.e., it is independent of temperature. Proportional factor K is determined by calibration.
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Ultrasonic flowmeters can be used in pipe sizes ranging from 100 mm (4 in.) to 1 220 mm (48 in.).
The overall uncertainty of themeasurement should not exceed the uncertainty requirement of the parameter onwhich

the instrument is deployed.
Ultrasonic flowmeters can have temperature limitations. These limits should be considered prior to selection and the

measurement location should be selected accordingly.
Several techniques can beused to obtain ameasure of the average effective speed of propagation of an acoustic pulse in

a moving liquid in order to determine the average axial flow velocity along an acoustic path line. Two approaches, time
domain and frequency domain, are discussed here.

(a) Time Domain. The basis of this technique is the direct measurement of the transit time of acoustic signals as they
propagate between a transmitter and a receiver. The velocity of propagation of the ultrasonic signal is the sum of the
speed of sound, c, and the flow velocity in the direction of propagation.

(b) Frequency Domain. The basis of this technique (often called a sing around) is the reception of an acoustic signal at
the receiver that is then used as a reference for generating a subsequent acoustic signal at the transmitter. Assuming no
delaysother than thepropagation timeof the acousticpulses in the liquid, the frequencyatwhich thepulses are generated
or received is proportional to the reciprocal of their transit time.
ASME MFC 5.1 provides detailed information on ultrasound flowmeters and their application and provides detailed

calculation methods based on flow calculations.

4-5.3.2.4 Vortex Shedding Flowmeters. Vortex shedding flowmeters measure the flow rate through the pipe using
the Von Karman vortex shedding principle. The flowmeter consists of a bluff body inside the flow path. As the fluid flows
around thebluff body, vorticesare induced in thewakeof thebluff body.Apiezoelectric sensor isplaced in this area so that
for each vortex it sees, there is an electric signal generated as a result of pressure fluctuation from the vortex. The
frequency of the electric signal is directly proportional to the flow velocity of the fluid. The principle can be expressed
as follows:

= ×F u
L

St

where
F = measured vortex shedding frequency
L = characteristic length of the bluff body
St = Strouhal number (usually a fixed value for geometry)
u = flow velocity

The advantages of a vortex shedding flowmeter are that it has high accuracy, it can be used at a relatively high
temperature, and it does not require impulse tubing like a venturi meter. The output of a vortex shedding flowmeter
is a volumetric flow rate measurement that is uninfluenced by density, temperature, and pressure. This is particularly
advantageous for fluids like molten salt, because with those fluids there is concern about keeping the impulse tubing
warmanderrors generateddue to varying temperature of the fluid inside the impulse tubing.Moreover, a vortex shedder
is free of any holes or openings where salt could get stuck and freeze.
Vortex shedding flowmeters have an accuracy of 0.65%of themaximum rated flow. They can be used to temperatures

as high as 425°C (797°F). Thus, for an application like molten salt receiver, it is recommended to use vortex shedding
flowmeters in the inlet or low temperature section. This type of flowmeter may not be available for large pipe sizes.
In order to have a goodmeasurement, it is necessary to have an incoming flow that is free of external flowdisturbances.

It is recommended to have a minimum of ten flow diameters of straight length pipe upstream and five flow diameters of
straight length pipe downstream of the flowmeter.
ASMEMFC 6 provides detailed information on vortex shedding flowmeters including principles of operation, applica-

tion, installation, and calibration, along with detailed flow calculation methods.

4-6 HUMIDITY MEASUREMENT

4-6.1 Introduction

This subsection presents requirements and guidance regarding the measurement of ambient humidity and recom-
mendedhumiditymeasurementdevices.Humiditymaybean input variable to solarperformancemodels and is therefore
considered a primary variable, though one with a low sensitivity coefficient. Due to the state of the art and general
practice, it is recommended that electronic humidity measurement equipment be used for primary parameters and
primary variables to minimize systematic and random error.
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Measurements to determine moisture content should be made in general proximity to measurements of ambient dry
bulb temperature toprovide thebasis fordeterminationof airproperties.Despite the largephysical sizeof solar fields, the
insensitivity of relative humidity to the results is such that one instrument in a central location is generally adequate. The
instrument for relative humidity may be one measurement of a general weather station.

4-6.2 Required Uncertainty

Relative humidity should be measured to within ±2% measurement accuracy, which is achievable using available
devices and proper calibrations.

4-6.3 Recommended Humidity Measurement Devices

The recommended, and most common, humidity measurement device is the capacitive hygrometer-type relative
humidity meter. Other types of measurement devices, such as wet and dry bulb psychrometers and chilled mirror
dew point meters, are not excluded, but they provide little additional value for their additional effort and expense.
To ensure compliancewith themeasurement uncertainty requirements, the user shall either calibrate the hygrometer

in the field using appropriate calibration standards or have certification of a recent factory calibration. The uncertainty
levels for a capacitive-type device increase at extreme-low and extreme-high humidity levels. Measurements of extreme-
low and extreme-high humidity shall be verified with at least two independent measurements to achieve acceptable
uncertainty.

4-7 WIND SPEED AND DIRECTION

4-7.1 Introduction

This subsection presents requirements and guidance regarding the measurement of wind speed and direction. It also
discusses the recommendedwindmeasurementdevices, calibrationofwindmeasurementdevices, and theapplicationof
wind measurement devices. Due to the state of the art and general practice, it is recommended that electronic wind
measurement equipment be used for primary parameters and primary variables to minimize systematic and random
error.

4-7.2 Required Uncertainty

Though primary variables, wind speed and direction have relatively low sensitivity coefficients. Uncertainty require-
ments are assigned accordingly.Wind speed shall bemeasuredwithwindmeasurement devices capable of ±2%accuracy
or better. Wind direction shall be measured with devices capable of accuracy ±5 deg. The instrument(s) for wind speed
and direction may be part of a general weather station, provided the other conditions in this Section are met.

4-7.3 Recommended Wind Measurement Devices

Cost, application, and uncertainty should be considered in the selection of wind measurement devices. Sonic-type
anemometers and cup-type anemometers can both meet the uncertainty requirements and are suitable for wind
measurement. Theuncertainty inwind speedmeasurement derives fromthree sources: the calibrationof the instrument,
theoperational characteristics of the anemometer, and the flowdistortiondue to instrumentmountingeffects. All of these
sources of uncertainty need to be considered in the overall uncertainty of the measurement.
A singlemeasurement location is adequate, butmultiplemeasurements atdifferent locationsmaybeperformed if there

is any reason to believe a single measurement location would not represent wind conditions over the entire field.
The anemometer shall bemounted on themeteorological mast at a tower height of 10m (33 ft) relative to the ground,

±2.5% of the mast’s total height.
Care shall be taken in locating the meteorological mast. It shall not be located so close to the solar collector that it will

affect wind speed. Themast shall be located a distance of 2 to 4 times the width of the solar receiver away from the solar
receiver’s edge. A distance of 2.5 times the solar receiver’s width is recommended.
Prior to carryingout theperformanceevaluation test, and tohelpselect the locationof themeteorologicalmast, account

should be taken of the need to ensure that both the mast and the turbine will not be subject to flow disturbances.
Inmost cases, the best location for themeteorologicalmast is upwind of the solar collector in the direction fromwhich

most valid wind is expected to come during the test.
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For tower-type solar thermal receivers, it is necessary to measure wind speed at the top of the tower (where the
receiver is located) to calculate the convective heat loss from the solar receiver. Ground wind speed may not be appro-
priate, since the wind speed increases higher up in the elevation. It is difficult to place the anemometer on or near the
receiver surface, since it might get exposed to high heat flux from the mirror field.
The wind speed should be measured accurately on the ground, and then that measurement should be correlated to

wind speedsat increasingelevations to calculate thewindspeedat the topof the tower. Parties involved in the test need to
agree on this wind speed correlation. Alternatively, radar may be used to measure wind speed at the top of the tower.

4-7.4 Wind Direction

If a sonic anemometer is used for wind speed measurement, then wind direction can typically be measured from the
same instrument. If a cup-type anemometer is used forwind speed, thenwind direction should bemeasuredwith awind
vane. A wind vane used for this purpose shall bemounted on the meteorological mast on a boom. The combined calibra-
tion, operation, and orientation uncertainty of the wind direction measurement should be less than 5 deg.

4-8 LEVEL MEASUREMENT

4-8.1 Introduction

This subsection presents requirements and guidance regarding liquid-level measurement in a tank or vessel and
recommended level measurement devices. Liquid level may be an input variable to solar performance models, and
it is therefore considered a primary variable. Due to the state of the art and general practice, it is recommended
that electronic level measurement equipment be used for primary parameters and primary variables to minimize
systematic and random error.
Since levelmeasurement technology has changed over time, this Code does not limit the use of new levelmeasurement

devices not identified or currently available. If such a device becomes available and meets the required uncertainty and
reliability in this Code, it may be used.
Measurements todetermine fluid level in a tankor vessel shall bemade inproximity tomeasurements of fluid tempera-

ture and vessel pressure to provide the basis for determining the actual level and hence the total inventory of the liquid
being determined.
For large tanksandvesselswithcontinuous inandout flow, at least two levelmeasurements shouldbemadeatopposite

ends (180 deg apart) for accurate determination of fluid inventory.

4-8.2 Required Uncertainty

Liquid level shouldbemeasured towithin±2%measurement accuracy,which is achievableusing available devices and
proper calibrations.

4-8.3 Recommended Liquid-Level Measurement Devices

Liquid-level measurement devices are classified into three categories based on their method of level detection: sight
glasses, hydrostatic measurement devices, and distance measurement devices. These three device types are described
below, and examples of available instruments are listed.

(a) Sight Glass. The sight glass is the simplest and oldest industrial level-measuring device. A manual approach to
measurement, sight glasses have a number of limitations. The material used for transparency can suffer catastrophic
failure, with ensuing environmental and safety issues, hazardous conditions for personnel, and/or fire and explosion.
Seals areprone to leak, andbuildup, if present, canobscure thevisible level.However, sight glassesaresimpleandused for
manually recording level where freezing of the fluid under ambient conditions is not an issue.

(b) Hydrostatic Devices. Displacers, bubblers, and differential pressure transmitters are all hydrostatic measurement
devices. Any change in temperaturewill therefore cause a shift in the liquid’s specific gravity, as will changes in pressure
that affect the specific gravity of the vapor over the liquid. These changes result in reduced measurement accuracy.
Therefore, when using hydrostatic devices, proper temperature and pressure compensation should be applied.

(c) Distance Measurement Devices. These are devices that measure the distance to the fluid surface by using a timing
measurement. Magnetostrictive, ultrasonic, guided-wave radar, and laser transmitters are among the most versatile
distancemeasurement devices available. Such systemsuse the sharp change of somephysical parameter (density, dielec-
tric constant, sonic reflection, or light reflection) at the process fluid surface to identify the level.

4-8.3.1 Air Bubbler. Bubbler tubes provide a simple and inexpensive, but less accurate (±1% to 2%), level measure-
ment system for corrosive and slurry-type applications.
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Bubblers use compressed air or an inert gas (usually nitrogen) introduced through a dip pipe. Gas flow is regulated at a
constant rate. A differential pressure regulator across a rotameter maintains constant flow while the tank level deter-
mines the back pressure. As the level drops, the endof the dip pipe should be located far enough above the tank bottomso
that sediment or sludge will not plug it.

4-8.3.2 Differential Pressure Transmitters. Differential pressure transmitters measure level via a float or displacer
that depends on the density differences between the liquid and vapor phase. Level measurement based on pressure
measurement is also referred to as hydrostatic level measurement. It works on the principle that the difference between
the twopressures (d/p) level overwide ranges if the density of the liquid is constant.When a d/p cell is used, itwill cancel
out the effects of barometric pressure variations, because both the liquid in the tank and the low-pressure side of the d/p
cell are exposed to the pressure of the atmosphere. The d/p cell reading will represent the tank level.

4-8.3.3 Floats. The buoyant force available to operate a float level switch (i.e., its net buoyancy) is the difference
between the weight of the displaced fluid (gross buoyancy) and the weight of the float.
Floats are available in spherical and a variety of other shapes. They can be made of stainless steel, Teflon®, Hastelloy,

Monel, and various plastic materials.

4-8.3.4 Magnetic Level Gauges. Magnetic level gauges are the preferred replacements for sight glasses. They are
similar to float devices, but they communicate the liquid surface locationmagnetically. In amagnetic level gauge, the float,
carrying a set of strong permanentmagnets, rides in an auxiliary column (float chamber) attached to the vessel bymeans
of two process connections. This column confines the float laterally so that it is always close to the chamber’s sidewall. As
the float rides up and down with the fluid level, a magnetized shuttle or bar graph indication moves with it, showing the
position of the float and thereby providing the level indication. The system can work only if the auxiliary column and
chamber walls are made of nonmagnetic material.

4-8.3.5 Capacitance Transmitters. Capacitance transmitters operate on the principle that process fluids generally
have dielectric constants, ε, significantly different from that of air, which has a dielectric constant very close to 1.0.
Capacitive level sensors measure the change in capacitance between two plates produced by changes in level. Two
versions are available, one for fluids with high dielectric constants and another for those with low dielectric constants.
Oils have dielectric constants from 1.8 to 5, and aqueous solutions have dielectric constants between 50 and 80. This

technology requires a change in capacitance that varieswith the liquid level, createdbyeither an insulated rodattached to
the transmitter and the process fluid, or an uninsulated rod attached to the transmitter and either the vessel wall or a
reference probe. As the fluid level rises and fills more of the space between the plates, the overall capacitance rises
proportionally. An electronic circuit called a capacitance bridgemeasures the overall capacitance and provides a contin-
uous level measurement.

4-8.3.6 Magnetic Level Gauges and Transmitters. Paragraph 4-8.3.4 describes the advantages of using a float with
magnets to determine liquid level, andmagnetostriction is a proven technology for precisely reading the float’s location.
Instead ofmechanical links, magnetostrictive transmitters use the speed of a torsional wave along awire to find the float
and report its position. In a magnetostrictive system, the float carries a series of permanent magnets.
In this system, a sensorwire is connected toapiezoceramic sensorat the transmitter, anda tension fixture is attached to

the opposite end of the piezoceramic sensor tube. The tube either runs through a hole in the center of the float or is
adjacent to the float outside of a nonmagnetic float chamber.
To locate the float, the transmitter sendsa short currentpulsedownthe sensorwire, settingupamagnetic fieldalong its

entire length. Simultaneously, a timing circuit is triggered on. The field created by the pulse interacts with the field
generated by themagnets in the float. The overall effect is that during the brief time the current flows, a torsional force is
produced in the wire, much like an ultrasonic vibration or wave. This force travels back to the piezoceramic sensor at a
characteristic speed. When the sensor detects the torsional wave, it produces an electrical signal that notifies the timing
circuit that thewavehasarrivedand stops the timing circuit. The timing circuitmeasures the time interval (TOF)between
the start of the current pulse and the wave’s arrival. From this information, the float’s location is very precisely deter-
mined and presented as a level signal by the transmitter. Key advantages of this technology are that the signal speed is
knownandconstantwithprocessvariables suchas temperatureandpressure, and the signal isnot affectedby foam,beam
divergence, or false echoes. Another benefit is that the onlymoving part is the float that rides up anddownwith the fluid’s
surface.

4-8.3.7 UltrasonicLevelTransmitters.Ultrasonic level sensorsmeasure thedistancebetween the transducer and the
surface using the TOF required for an ultrasound pulse to travel from a transducer to the fluid surface and back. These
sensors use frequencies in the tens of kilohertz range; transit times are about 6ms/m. The speed of sound [340m/s in air
at 15°C (1,115 ft/sec at 60°F)] depends on themixture of gases in the headspace and their temperature.While the sensor
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temperature is compensated for (assuming that the sensor is at the same temperature as the air in the headspace), this
technology is limited to atmospheric pressure measurements in air or nitrogen.

4-8.3.8 Laser Level Transmitters.Designed for bulk solids, slurries, andopaque liquids such asdirty sumps,milk, and
liquid styrene, laser level transmitters operate on a principle very similar to that of ultrasonic level transmitters. Instead
of using the speed of sound to find the level, however, they use the speed of light. A laser transmitter at the top of a vessel
fires a short pulse of light down to the process liquid surface, which reflects the light back to the detector. A timing circuit
measures the TOF and calculates the distance. The key is that lasers have virtually no beam spread (0.2-deg beam
divergence) and no false echoes, and they can be directed through spaces as small as 650 mm2 (2 in.2). Lasers are
precise, even in vapor and foam. They are ideal for use in vesselswith numerous obstructions and canmeasure distances
up to450m(1,500 ft). Forhigh-temperature or high-pressure applications, such as inHTF tanks or vessels, lasers shall be
used in conjunctionwith specialized sightwindows to isolate the transmitter fromtheprocess. These glasswindows shall
pass the laser beam with minimal diffusion and attenuation and shall contain the process conditions.

4-8.3.9 Radar Level Transmitters. Through-air radar systems beammicrowaves downward from either a horn or a
rodantennaat the topof avessel. The signal reflectsoff the fluid surfaceback to theantenna, anda timingcircuit calculates
the distance to the fluid level by measuring the TOF. If the fluid’s dielectric constant is low, it can present measurement
problems. The reason is that the amount of reflected energy at microwave (radar) frequencies is dependent on the
dielectric constant of the fluid, and if ε is low, most of the radar’s energy enters or passes through the fluid
surface. Water (εr = 80) produces an excellent reflection at the change or discontinuity in εr.
In through-air radar systems, the radar waves suffer from the same beam divergence that afflicts ultrasonic trans-

mitters. Internal piping, deposits on the antenna, and multiple reflections from tank buildup and obstructions can cause
erroneous readings. To overcome these problems, complex algorithms using fuzzy logic must be incorporated into the
transmitter. Transmitter setup canbe tedious and changes in the process environment (buildup, etc.) canbeproblematic.
Guided wave radar (GWR) systems avoid these issues. In this type of system, a rigid probe or flexible cable antenna

system guides the microwave down from the top of the tank to the liquid level and back to the transmitter. As with
through-air radar, a change froma lower to a higher εr causes the reflection. Guidedwave radar is 20 timesmore efficient
than through-air radar, because the guide provides a more focused energy path. Different antenna configurations allow
measurement down to εr = 1.4 and lower. Moreover, GWR systems can be installed either vertically or, in some cases,
horizontally. The guide can be bent up to 90 deg or angled and still provide a clearmeasurement signal. GWR is known to
have a maximum operating temperature limit and should be deployed per manufacturer’s recommendations.
GWR exhibitsmost of the advantages and fewof the liabilities of ultrasound, laser, and open-air radar systems. Radar’s

wave speed is largely unaffected by vapor space gas composition, temperature, or pressure. It works in a vacuumwith no
recalibrationneededand canmeasure throughmost foam layers. Confining thewave to followaprobeor cable eliminates
beam-spread problems and false echoes from tank walls and structures.

4-9 AUXILIARY OR SUPPLEMENTAL FUEL INPUT MEASUREMENT

4-9.1 Introduction

If the HTF receives energy from an auxiliary firing system during a test, the flow, pressure, temperature, and consti-
tuents of the fuel shall be measured. The flow, pressure, temperature, and constituents of streams to and from the
auxiliary firing systems (i.e., fuel heaters, etc.) need to be determined if they cross the test boundary. Refer to
subsections 4-2 and 4-3 respectively for measurement requirements for temperature and pressure. Liquid and
gaseous fuel sampling shall be in accordance with ASME PTC 4.4, subsection 4-6.
This subsection presents requirements and guidance regarding the measurement of supplementary firing fuel flow.

The recommended flowmeasurement devices, calibration, and application are also discussed. Due to the state of the art
and general practice, it is recommended that electronic fuel flow measurement equipment be used for primary param-
eters and primary variables to minimize systematic and random error.
Fuel analyses should be completed on samples taken during testing. The lower and higher heating value of the fuel and

the specific gravity of the fuel should be determined from these fuel analyses. The specific gravity should be evaluated at
three temperatures covering the rangeof temperaturesmeasuredduring testing. The specific gravity at flowing tempera-
tures should then be determined by interpolating between the measured values and the correct temperature.

4-9.2 Required Uncertainty

For supplementary firing fuel flowmeasurement, this Code recommends flowmeters that can bedemonstrated to have
no more than 0.75% systematic uncertainty.
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4-9.3 Recommended Supplementary Devices for Fired-Fuel Flow Measurement

This Code recommendsASMEPTC19.5 laboratory-calibrated venturi, orifice, or flownozzlemetering runs tomeasure
the supplementary fired fuel flow. However, other types of flowmeters may be used if they can be demonstrated to have
the same or better levels of uncertainty required by this Code

4-9.3.1 MeasurementMethod forLiquidFuel. If liquid-fueled supplementary firing is employed, thequantity of liquid
fuel burned shall be determined. Refer to ASME PTC 22 and ASME PTC 19.5 for liquid-fueled gas turbine fuel flow
measurements.
Liquid fuel flows can be measured using either a flow orifice installed in accordance with ASME PTC 19.5 or other

measurement devices, such as positive displacement flowmeters or turbine flowmeters that are calibrated throughout
the Reynolds number range expected during the test. For volume flowmeters, the temperature of the fuel shall be
measured accurately to calculate the flow correctly.
Other flowmeters or uncalibrated meters are permitted so long as a measurement error of 0.75% or less can be

achieved. Refer to ASTM D1480 for methods of determining liquid fuel density and ASTM D445 for methods of deter-
mining liquid fuel viscosity.

4-9.3.2 Measurement Method for Gaseous Fuel. If gaseous fuels are employed, the quantity of gaseous fuel burned,
and its heating value, shall be determined. Heating value of the fuel shall be determined per ASTM D3588.
Measurement of the gaseous fuel flow requires theuseof a venturi, orifice, flownozzle, ultrasonic, or turbinemeter. For

orifices, venturis, or nozzles, refer to ASME PTC 19.5 for installation guidelines as well as the calculation procedure. For
differential pressuremeters, the pressure drop shall bemeasured using a differential pressure transducer. Outputs from
these devices can be read manually via meters or with a data acquisition system. Gas density shall be determined in
accordance with the procedure in AGA Report No. 8. Linear flowmeters should be calibrated at the expected working
pressure to reduce the flow error. Uncalibrated flowmeters are acceptable if the measurement uncertainty is demon-
strated to be less than 0.75%.

4-9.4 Location of Instruments

Flow measurement devices shall be located to minimize the impact of environmental conditions such as vibration,
temperature, and humidity. See subsection 4-1 for location and identification requirements.

4-10 ELECTRIC POWER MEASUREMENT

4-10.1 Introduction

This subsection presents requirements and guidance regarding the measurement of auxiliary electric power that
crosses the test boundary and is consumed by the solar conversion system. Per subsection 1-2, this Code does not
apply to measurement of thermal power cycle performance, including measurement of electrical generator power
output. Therefore, the current section does not address measurement of electric power from a generator.
Measurement of auxiliary electric power may be part of an ASME PTC 52 test. If this measurement is part of an ASME

PTC 52 test, it would typically be done as a separate measurement, calculation, and presentation of results independent
fromthemain test purposeofmeasuring solar-to-thermal conversionperformance.However, theguidance in this subsec-
tion should be followed regardless of how an auxiliary electrical load measurement result is applied in a contractual
setting.

4-10.2 Required Uncertainty

Electricpowermeasurementprimaryparametersandvariables shouldbemeasuredwith0.5%orbetter accuracyclass
power metering.
Secondary parameters and variables can be measured with any type of power measurement device.
Less accurate instrumentation may be used if the requirements for the overall uncertainty of the result are met and if

the parties to the test agree.

4-10.3 Measurement Recommendations

ANSI/IEEE 120‐1989 should be referenced for measurement requirements not included in this subsection or for any
additionally required instruction.
Auxiliary loads may consist of feedwater booster pumps, molten salt pumps, trough or heliostat drive motors, and a

number of other types of electrical loads distributed by motor control centers or power panels.
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Themeasurementof theauxiliary electricpowercanbedonewith stationpermanentmetersor locallyusing temporary
instrumentation. The station permanent instrumentation can normally be found in the motor control centers (MCC)
where electric power is displayed as either active power or voltage and current. A list should be created identifying all
auxiliary loads and measurement locations and clearly identifying which system is fed through which MCC or power
panel.
Auxiliary loads can be broadly placed into two categories: there are loads that have little variation over a normal test

period and loads that either are intermittent or have large variation over a normal test period. Loads that have little
variation over a short-term test may have large variation over a long-term test. Test personnel should consider the
expectedvariation in the loadwhendetermining themethods formeasuring loadduring the test and the frequencyofdata
readings.
The following calculationmay be used in lieu of fieldmeasurement to estimate the total load from a trough or heliostat

drive motor:
= ×total load power requirement number of drives

Data can be collected eithermanually or automatically. For short-term tests, at least three readings should be taken for
each test period for loads that have little variation. For long-term tests, readings should be taken at least hourly. For
intermittent or large-variation loads, readings shall be takenwith enough frequency to obtain an accurate average power
measurement over the courseof the test period. In some cases, the only practicalmeasurementmaybe a totalizing typeof
meter at the MCC.

4-11 ATMOSPHERIC ATTENUATION

Atmospheric attenuation or transmissivity may have significance for tower-type CSP applications that are dependent
on energy being reflected from multiple locations to one central receiver. It is possible that in unusual occurrences
atmospheric conditions will be different enough from design to influence the energy received.
Though the possibility for attenuation is real, there is no consensus of standards or measurement techniques for

attenuation. Attenuation is not addressed in this Code. If attenuation is a factor in the base reference conditions of
a guarantee, then the parties shall agree to a standard of reference and a method of measurement.

4-12 RECEIVER ABSORPTANCE

Receiver absorptance is an important measurement, particularly for the tower-type CSP applications. Heat flux on a
tower-type CSP receiver is of a very highmagnitude (as high as 1000 kW/m2), and small changes in the receiver absorp-
tance can result in relatively big changes in the total heat absorbed by the receiver. The absorptance of high-radiation
absorption coating, alongwith themethod of application for the coating, is usually providedby the coatingmanufacturer.
However, theabsorptanceof receiver coating canchangewith timeandusuallydegradesslowlywhenexposed toambient
conditions in combination with incident heat flux. This exposure results in reduced thermal absorption by the receiver.
Therefore, based on the mutual agreement between the parties involved in performance testing, receiver absorptance
measurement may be included in the performance test.
The absorptance measurement can be done using laboratory measurement instruments or handheld instruments.

However, handheld absorptance measurement is preferred for performance tests. It is recommended to have absorp-
tance measured at several locations along the receiver surface to get a spatial distribution of the absorptivity. The
degradation of coating absorptance may be a function of operating temperature and tube material. Therefore, measure-
mentof absorptanceat several locationsprovides abetterpictureof the averageabsorptanceof the receiver. Absorptance
measurement may be performed during a planned outage (before or after the performance test), and the results of the
measurement may be used in the performance test calculation.
Handheld absorptance measuring devices use a spherical measuring head to measure absorptance for the specified

wavelength range. These devices can be used for flat surfaces and surfaces up to 152mm (6 in.) convex or 305m (12 in.)
concave.
ASTM E903-12 provides guidelines for absorptance measurement.
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4-13 FLUID PROPERTIES

4-13.1 Introduction

HTF properties, including specific heat capacity, viscosity, density, thermal conductivity, freezing point, chemical
stability and their variations with temperature and pressure, may be required inputs to the performance model.
Parties to the test should agree upon the properties of the process fluid being measured, and these agreed properties
should be used in the performance model.
Where an international standard for the fluidproperties is available, the standard shouldbeused. Forwater or steam, it

is recommended to use IAPWS-IF97 steam tables. For other fluids, the parties should use a standard if available or
mutually agree upon the fluid properties. For fluids where property standards are not available, or if the fluid has
been contaminated or degraded since those standards were applicable, a laboratory test may be required to quantify
the fluidproperties. It is not recommended tousevaluespublishedby theHTFvendor.However, in a casewhere this is the
only possibility, a higher value of uncertainty should be used.

4-13.2 Uncertainty

Fluid properties can be a major source of uncertainty in the overall calculation of solar thermal power plant perfor-
mance, because their sensitivity is large. Fluid properties are typically used in both terms of the equation for energy, Q:

= ×Q m h

Fluid properties are required when calculating mass flow rate,m, from a volumetric flowmeter and when calculating
enthalpy,h. If uncertainty in the fluidproperties is high, it is recommended to either reduce theuncertaintybyperforming
ahigh-quality laboratory test ormeasuremass flow rate directly.Mass flow rate can bemeasureddirectlywith a Coriolis-
type flowmeter, but these meters typically cost far more than a laboratory test of the fluid properties.
The requireduncertaintywill dependon the typeofparametersandvariablesbeingmeasured.Refer topara. 4-1.2.2 for

discussion of measurement classification.

4-14 CLEANLINESS

4-14.1 Introduction

This subsectionpresents requirements andguidance regarding themeasurementof cleanliness. Cleanliness is the ratio
of the system’s optical properties (i.e., reflectance and transmittance) at the time of the performance test to the optical
properties at a reference condition. The reference condition is typically defined by the parties to the test or included in
supplier specifications, but it may reference the condition of the system in a like-new condition, immediately after
installation, or in a recently cleaned state. Thus, the cleanliness factor provides a measurement of the amount of
soiling or degradation at the time of the performance test.
In general, the solar field cleanliness factor is calculatedby taking reflectancemeasurementsonboth soiledandcleaned

mirrors. The ratio of the soiled and cleaned data sets is the mirror cleanliness factor of the solar field. In systems that
include a transparent envelope between the reflector and the receiver (e.g., glass around the receiver), the cleanliness of
the envelope shall also be accounted for. In many cases, direct measurement of the cleanliness of the envelope is not
possible in an operational power plant. Thus, it is commonpractice to assume the envelope cleanliness to be 0.5 times the
reflector cleanliness, because light passes through the surface of the reflector twice, but through the envelope only once.
In systemswhere the rate of soiling is deemed to vary between the reflector surface and the receiver envelope, alternate
weighting fractions may be adopted, so long as they are agreed to by the parties to the test.
The information provided herein defines acceptable techniques for the measurement of reflectance, measurement

devices, measurement locations, instrument calibration, and quantification of uncertainty.Where applicable, glass or air
transmittanceshouldbe included in thecalculationof systemcleanliness, but it is inherentlydifficult tomeasure.Methods
for quantification of transmittance should be agreed to by the parties to the test and are not described in detail in this
Section.

4-14.2 Reflectance Measurement Techniques

Thequantification of a surface’s reflectancemaybedefined in a variety ofways, and it is important for the parties to the
test to agree upon themeasurement technique prior to the performance test and prior to the initial test at base reference
conditions. When reflectance is initially calculated for use in performance estimates, it is typical to use a weighted value
such as solar-weighted specular reflectance (SWSR). SWSR is a measurement of reflectance weighted across the solar
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spectrumwithin an acceptance angle that is representative of the type of system installed and representative of a specific
range of angles of incident light. The acceptance angle required for a central receiver system is generally smaller than that
required for a linear Fresnel or parabolic trough system, because the concentration ratio of a central receiver system is
significantly higher.
But while the SWSR is an important value when initially predicting the performance of a solar field, the parties to the

test may instead agree to measure cleanliness at a single wavelength, a single incident angle, and a specific acceptance
angle that is representative of the reflector system. For example, the parties to the testmay agree that if the cleanliness of
the reflector is 0.9 at 660 nmwith a 15-deg incidence angle and a 25-mrad acceptance angle, then the cleanliness is most
likely also 0.9 as a measurement of SWSR. It should be noted, however, that one effect of reflector soiling is decreased
specularity (i.e., decreased reflectance for a given acceptance angle).
DeterminationofSWSRtypically requiresmanymeasurements foreach location,whilemeasurementof reflectanceat a

singlewavelength and specific acceptance angle requires only onemeasurement per location. In practice, the uncertainty
of cleanliness canbe reducedwithmanymeasurements throughout the solar field. It is important for theparties to the test
to agree to the definition of the measured reflectance prior to the test at base reference conditions and to maintain that
definition during the performance test. If the collector field surface is large and it is infeasible to have many measure-
ments, the parties may agree to take a lower sample of measurements prior to the test period. To better illustrate the
concepts presented above, Figure 4-14.2-1 provides a schematic to illustrate incidence angle, acceptance angle, and
specularity.
The best characterizations measure the surface’s reflectance at various wavelengths to determine solar-weighted

reflectance. For characterization of cleanliness, however, it may be suitable to measure at only one representative
wavelength. With this approach, it is conventional to measure reflectance at a wavelength with high irradiance,
such as the range between 500 nm and 700 nm.

4-14.3 Measurement Devices

Reflectance is typically measured with either a specular reflectometer or a spectrophotometer. These devices are
widely available and offer a number of features including a variablewavelength, acceptance angle, and/or incident angle.
ASTM E903-12 may be referenced for instruments that make use of integrating spheres in their measurements.

Figure 4-14.2-1 Incidence Angle, Acceptance Angle, and Specularity

Mirror surface

Surface normal

Specular
  directionSpecularity profile

Reflected diffuse light

Incidence angle,
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While some reflectometers and spectrophotometers may provide SWSR outputs directly, these are typically labo-
ratory-scale instruments and are not suitable for use outdoors or in solar fields. For that reason, if the parties to the test
decide to require SWSRmeasurement, it may be required to use two or more measurement devices and to post-process
the data to determine SWSR.
It is common practice in industrial applications to use a device with a fixed wavelength, fixed aperture, and fixed

incidence angle (e.g., 660 nm, 25-mrad acceptance, 15-deg incidence) to quantify the cleanliness of a surface.

4-14.4 Instrument Calibration

Any instrument used for the soiling test should be recalibrated within its required duration and before each day of
testing.Acalibrationstandard (mirror) is typicallyprovidedwith themeasurementdeviceandcanbeused tocalibrate the
instrument in the field. Vendor recommendations for calibration should be rigorously followed. In the absence of a
provided calibration standard, it is preferred that the same calibration mirror be used during both the reference
test and the performance test periods.

4-14.5 Measurement Locations

Mirror cleanliness is most typically influenced bymaterial degradation and soiling of themirror surface. While degra-
dation is typically uniform across the solar field, soiling occurs at different rates depending on the reflector’s position in
the field. Reflectancemeasurements shouldbe taken at interior andexterior collectors, aswell as collectors nearby access
roads, nearby steam or other process equipment, and at varying elevations from the ground. Reflectance disparities
within a single mirror should also be considered. A representative pattern should be adopted so that the solar field
reflectance is reported as an average value that represents the entire test boundary.

4-14.6 Uncertainty

The requireduncertaintywill dependupon the type of parameters andvariables beingmeasured. Refer to para. 4-1.2.2
for discussion of measurement classification.
If not otherwise specified by this Code, parameters and variables shall be determined with reflectance measurement

devices that have a systematic uncertainty of no more than ±0.5% of measured value. The measurement devices for
primary parameters and variables shall be laboratory calibrated unless the device can demonstrate a systematic uncer-
tainty lower than ±0.5% without calibration.
Determination of field average reflectance or field average cleanliness typically requires that a sufficient number of

measurements be taken across a random pattern in the entire test boundary such that the standard deviation of the
measurement values iswithin a limit specifiedby the parties to the test. If the standarddeviation is outside the acceptable
range, additional measurements shall be taken until the standard deviation falls within the acceptable range.

4-15 DATA COLLECTION AND HANDLING

4-15.1 Introduction

This subsection presents requirements and guidance regarding the acquisition and handling of test data. Also
presented are the fundamental elements that are essential to the makeup of an overall data acquisition and handling
system.
This Code recognizes that technologies and methods in data acquisition and handling will continue to change and

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

4-15.1.1 Data Acquisition System.The purpose of a data acquisition system is to collect data and store them in a form
suitable for processing or presentation. Systemsmay be as simple as a personmanually recording data or as complex as a
digital computer-based system. Regardless of the complexity of the system, a data acquisition system shall be capable of
recording, sampling, and storing the data within the requirements of the test and the allowable uncertainty set by this
Code.

4-15.1.2 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 additional uncertainty in the form of human error, and that potential for
error should be accounted for accordingly. Further, manual sampling may require more time and personnel than does
automated sampling. Test periods should be selected with this in mind, allowing personnel enough time to take the
number of samples required for the test. Data collection sheets should be prepared prior to the test. The data collection
sheets should identify the test site location, date, time, and type of data collected. The data collection sheets should also
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delineate the sampling time required for themeasurements. Sampling times should be clocked using a digital stopwatch
or other accurate timing device. If it becomesnecessary to edit data sheets during the testing, all edits shall bemade using
black ink, and all errors shall be marked through with a single line and initialed and dated by the editor.

4-15.1.3 Automated System. Automated data collection system configurations have a great deal of flexibility. Auto-
mated systems are beneficial in that they allow for the collection of data frommultiple sources at high frequencies while
recording the time interval with an internal 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 tomultiple locations in the
plant.
Automated data acquisition systems shall be functionally checked after installation. At a minimum, a pretest data run

should be performed to verify that the system is operating properly. The details of the automated system’s setup,
programming, channel lists, signal conditioning, and operational accuracies and lists of the equipment making up
the system should be compiled and supplied in the test report.

4-15.2 Data Management

4-15.2.1 Automated Collected Data. All automated collected data should be recorded in their uncorrected, uncal-
culated state on both permanent and removable media to permit post-test application of any necessary calibration
corrections.Alternatively, correctionsand/orcalibrationcalculations canbeprovidedwith thedata suppliedwithcorrec-
tions already applied. Immediately after a test andprior to the person(s) collecting test data leaving the test site, copies of
the automated collected data should bemade on a removablemedium and distributed among the parties of the test. This
will prevent loss, damage, or unauthorized modification of the data. Similar steps should be taken with any corrected or
calculated results from the test.

4-15.2.2 Manually Collected Data. All manually collected data recorded on data collection sheets shall be reviewed
for completeness and correctness. Immediately after a test and prior to leaving the test site, photocopies of the data
collection sheets shouldbemadeanddistributedbetween theparties to the test to eliminate the chanceof suchdatabeing
accidentally lost, damaged, or modified.

4-15.2.3 Data Calculation Systems. The data calculation system should have the capability to average all inputs
collected during the test and calculate the test results based on the average values. The system should also calculate
the standard deviation and the coefficient of variance of each instrument. The systemshould have the ability to locate and
eliminate spurious data from the calculation of the average. The system should also be able to plot the test data and each
instrument reading over time to look for trends and outlying data.

4-15.3 Data Acquisition Systems Selection

4-15.3.1 Data Acquisition SystemRequirements.Prior to selecting a data acquisition system, it is necessary to have a
test procedure in place that dictates the requirements of the system. The test procedure should clearly dictate the type of
measurements to bemade, the number of data points needed, the length of the test, the number of samples required, and
the frequencyof data collectionneeded tomeet the allowable test uncertainty set by thisCode. This informationwill serve
as a guide in the selection of equipment and system design.
Each measurement loop shall be designed with the ability to be loop calibrated so that the measurement loop can be

checked for continuity and power supply problems. To prevent signal degradation due to noise, each instrument cable
should be designedwith a shield around the conductor, and the shield should be grounded on one end to drain any stray-
induced currents.

4-15.3.2 Temporary Automated Data Acquisition System. This Code encourages the use of temporary automated
data acquisition systems for testing purposes. These systems can be carefully calibrated and their proper operation
confirmed in the laboratory, and then they can be transported to the testing area. This process provides traceability and
control of the complete system. Instruments are limited in their exposure to the elements and avoid the problems
associated with construction and ordinary plant maintenance.
Site layout and ambient conditions shall be considered when determining the type and application of temporary

systems. Instruments and cabling shall be selected to withstand or minimize the impact of any stresses, interference,
and ambient conditions to which they may be exposed.

4-15.3.3 Existing PlantMeasurement and Control System.This Code does not prohibit the use of the plantmeasure-
ment and control system for testing.However, if used for performance testing, the systemshallmeet the requirements set
forth in this Code. In addition, users should recognize the system’s limitations and restrictions.
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Mostdistributedplant control systemsapply thresholdordead-band restraints ondata signals. This results indata that
only report the change in a parameter that exceeds a set threshold value. All threshold values shall be set low enough so
that all data signals sent to the distributed control system during a test are reported and stored.
Most plant systems do not calculate flow rates in accordance with this Code, but rather by simplified relationships.

These simplified flow calculations include, for example, using a constant discharge coefficient or even expansion factor. A
plant system indication of flow rate is not to be used in the execution of this Code, unless the fundamental input pa-
rameters are also logged and the calculated flow is confirmed to be in accordance with this Code and ASME PTC 19.5.
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Section 5
Calculations and Results

5-1 INTRODUCTION

5-1.1 General

The objective of these calculations is to determine the performance of the concentrating solar system. The approach of
this Code is to directlymeasure theprimaryparameters needed to calculate or predict performance at the test conditions.
With the heat transfer fluid (HTF) flow and composition, along with other measured test data, the predicted capacity

canbedetermined for the test conditions.Thepredictedperformancecan thenbecompared to theas-testedperformance.

5-1.2 Data Reduction

Following the test, when all test logs and records have been completed and assembled, they should be critically
examined to determine whether the limits of permissible variations have been exceeded. Inconsistencies in the
test record or test results may require tests to be repeated in whole or in part in order to attain the test objectives.
Test data should be reviewed for outliers in accordancewith guidance provided in ASMEPTC19.1. The remaining data

should be averaged to determine values to use in the calculations. It is this averaged data that should be used in the
calculations to determine unit performance.

5-2 CALCULATIONS

5-2.1 Common Parameters and Variables

The following parameters are representative of the inputs used to predict the concentrating solar systemperformance
at the test conditions as well as those needed to calculate the actual (as-tested) performance of the system. This list is
neither exhaustive nor required for all systems ormodels. All concentrating solar systems have some differences in their
designs, components, inputs, outputs, and model complexities. The specific test plan for the performance test should
address the specific needs of the concentrating solar system being tested.

(a) Solar Resource and Ambient Conditions
(1) direct normal irradiance (DNI) (measured)
(2) wind speed (measured)
(3) wind direction (measured)
(4) ambient temperature (measured)
(5) ambient pressure and equivalent elevation (measured)
(6) ambient wet bulb temperature and relative humidity (measured)
(7) reflectance (measured or assumed, depending on the model)
(8) soiling or cleanliness (measured or assumed, depending on the model)
(9) atmospheric attenuation (measured or assumed, depending on model)
(10) solar field aperture area (measured)
(11) latitude
(12) longitude
(13) time of day
(14) day of year
(15) slope of collector(s)

(b) HTF
(1) HTF static pressure (measured)
(2) HTF temperature (measured)
(3) HTF mass flow (calculated or measured)
(4) HTF composition (measured)
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(c) Other Items to Be Considered
(1) auxiliary loads, electrical and thermal (measured)
(2) HTF amount or energy content within test boundary (unsteady state)
(3) nonstandard HTF streams entering or leaving test boundary (e.g., blowdown, bypass, overflow, ullage)

5-2.2 Calculated Thermal Power Output

Thermal power output is calculated as follows:

=

× × ×
=

=

q

m h m h t

t

( )
j

n

j j j j j

j

n

j

field,calc
1

HTF,out, HTF,out, HTF,in, HTF,in,

1

(5-2-1)

where
hHTF,in,j = enthalpy of HTF into the test boundary, kJ/kg (Btu/lbm)

hHTF,out,j = enthalpy of HTF out of the test boundary, kJ/kg (Btu/lbm)
mHTF,in,j = mass flow rate of HTF entering test boundary, kg/s (lbm/hr)

mHTF,out,j = mass flow rate of HTF exiting test boundary, kg/s (lbm/hr)
qfield,calc = calculated thermal power delivered by the solar field, kW (Btu/hr)

Δt = time interval between data measurements, s (hr)

NOTES:
(1) Theequation representsonlyoneenergystreamcrossing intoandoutof theboundary. For systemswithmore thanone stream, the
equation should be expanded to calculate the sum of all streams for each sample interval.

(2) The time interval between data measurements should be selected to provide a reasonable sample size based on the overall
duration of the test. Time intervals may vary in duration.

5-2.3 Thermal Energy Production (Multiday Performance Test)

The multiday production of thermal energy is calculated as follows:

= [ × × ]H m h m h t( )
j

j j j j jMDPT,calc HTF,out, HTF,out, HTF,in, HTF,in, (5-2-2)

where
HMDPT,calc = calculated thermal energy delivered by the field, kJ (Btu)

hHTF,in,j = enthalpy of HTF into the test boundary, kJ/kg (Btu/lbm)
hHTF,out,j = enthalpy of HTF out of the test boundary, kJ/kg (Btu/lbm)
mHTF,in,j = mass flow rate of HTF entering test boundary, kg/s (lbm/hr)

mHTF,out,j = mass flow rate of HTF exiting test boundary, kg/s (lbm/hr)
Δt = time interval between data measurements, s (hr)

NOTES:
(1) Theequation representsonlyoneenergystreamcrossing intoandoutof theboundary. For systemswithmore thanone stream, the
equation should be expanded to calculate the sum of all streams for each sample interval.

(2) The time interval between data measurements should be selected to provide a reasonable sample size based on the overall
duration of the test.

(3) It is recommended that the interval match the incremental time period in the performance model.

5-2.4 Solar Thermal Efficiency

The equation for calculation of solar thermal energy varies depending on the type of concentrating solar system.
(a) For Linear Focus-Type Concentrating Solar Systems

=
× ×

q

ADNI cosfield,calc
field,calc

avg aperture
(5-2-3)
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where
Aaperture = solar field aperture area, m2 (ft2)
DNIavg = average direct normal irradiance for n number readings, W/m2 (Btu/hr-ft2)

x =

n

DNI
j

j

DNIj = direct normal irradiance, W/m2 (Btu/hr-ft2)
qfield,calc = calculated thermal power delivered by the field [see eq. (5-2-2)]
ηfield,calc = calculated solar thermal efficiency, %

θ = incidence angle, based on latitude and longitude of site, time of day, and day of year

(b) For Point Focus-Type Concentrating Solar Systems

=
×

q

ADNIfield,calc
field,calc

avg aperture
(5-2-4)

where all parameters are defined as in (a).
For tower concentrating solar power (CSP) systems, the denominator in eq. (5-2-4) is not a direct measurement of the

solar energy input. In these systems, the reflector angle is variable throughout the field, while blocking and shadowing
according to the sun’spositionwill change theactive reflective surface areaat anygiven time.Therefore, the solar thermal
efficiency for power tower CSP systems is a representative value and not a physical value.

5-2.5 HTF Enthalpy

Refer to Section 4 for applicable enthalpy determination methods.

5-2.6 Fluid Flow Rate

Refer to Section 4 for applicable flow measurement devices and methods.

5-2.7 Auxiliary Electrical Consumption

The equipment power consumption should be measured at each source point to the concentrating solar equipment.
Each motor control center (MCC) should be monitored and recorded following methods described in Section 4. Equip-
ment may include (and is not limited to) pumps, fans, control panels, compressors, and heat tracing. The following
equations apply for each electrical auxiliary energy source where power is not directly measured:

= × ×
single-phase source Aux i

I E PF
1,000

i i (5-2-5)

= × × ×
three-phase sources Auxi

I E PF 3
1,000

i i (5-2-6)

where
Auxi = power consumption for source i, kW (Btu/hr)

Ei = electric voltage for source i
Ii = electric current for source i
PF = power factor

The auxiliary electrical energy consumption is the sum of power consumption from all individual sources over the
testing period.

= ×
i

k

jjjjjjjjj

y

{

zzzzzzzzz
tAux Aux

j i
i j (5-2-7)

where
Δtj = time interval between data measurements, s (hr)

ASME PTC 52-2020

57

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 52
 20

20

https://asmenormdoc.com/api2/?name=ASME PTC 52 2020.pdf


5-2.8 Auxiliary Thermal Consumption

Thermal energy consumption of the equipment, if applicable, shall be determined from the measured flow, pressure,
and temperature of the auxiliary fluid as indicated in Section 4. The following equation applies:

= [ × × × × ]H m h t m h t( ) ( )
j

j j j j j jAux Aux,in, Aux,in, Aux,out, Aux,out, (5-2-8)

where
HAux = calculated thermal energy consumption, kJ (Btu)

hAux,in,j = enthalpy of auxiliary fluid into the system, kJ/kg (Btu/lbm)
hAux,out,j = enthalpy of auxiliary fluid out of the system, kJ/kg (Btu/lbm)
mAux,in,j = mass flow rate of auxiliary fluid into the system, kg/s (lbm/hr)

mAux,out,j = mass flow rate of auxiliary fluid out of the system, kg/s (lbm/hr)
Δtj = time interval between data measurements, s (hr)

If the HTF is steam or water, then consumption shall be determined using the current ASME or International Associa-
tion for the Properties of Water Steam (IAWPS) steam table formulations for enthalpy.

5-3 COMPARISON OF AS-TESTED PERFORMANCE TO PREDICTED PERFORMANCE

Due to the complexity of concentrating solar systemsand the interactionofmany influential parameters, it is difficult to
correct the as-tested performance to reference conditions. It would likely be very difficult to develop a complete set of
correction curves and factors. As such, the use of a performance model is preferred. This performance model should be
able to predict the performance at the test conditions. A performancemodel has the advantage of considering all perfor-
mance factors simultaneously and would also take into account any secondary interaction effects between various
performance factors.
It is typically the responsibility of the concentrating solar system design firm to provide the performance model. The

performance model is typically used by the construction contractor during contract negotiations and for financing the
project. The performancemodel used for the construction contract and financial closing is typically locked and becomes
the guaranteed performancemodel. Any subsequent changes to the guaranteed performancemodel shall be approvedby
the involved parties. The guaranteed performance model should allow the user to input all necessary test condition
parameters.Once thepredictedperformanceat the test conditions is establishedby theguaranteedperformancemodel, it
can be directly compared to the corresponding as-tested value.
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Section 6
Report of Results

6-1 GENERAL REQUIREMENTS

The test report for a performance test should incorporate the following general requirements:
(a) executive summary, described in subsection 6-2
(b) introduction, described in subsection 6-3
(c) calculations and results, described in subsection 6-4
(d) instrumentation, described in subsection 6-5
(e) conclusions, described in subsection 6-6
(f) appendices, described in subsection 6-7
This outline is a recommended report format. Other formats are acceptable. However, a report of an overall plant

performance test should contain all the information described in subsections 6-2 through 6-7 in a suitable location.

6-2 EXECUTIVE SUMMARY

The executive summary is brief and should include the following:
(a) general information about the plant and the test, such as the plant type, the operating configuration, and the test

objective, including the test objective values
(b) date and time of the test
(c) signature of test coordinator(s)
(d) signature of reviewer(s)
(e) approval signature(s)
(f) summary of the results of the test including uncertainty and conclusions reached
(g) comparison with the contract guarantee
(h) any agreements among the parties to the test to allow anymajor deviations from the test requirements including a

description of why the deviation occurred

6-3 INTRODUCTION

The introduction to the test report should include the following information:
(a) authorization for the tests, their object, contractual obligations and guarantees, stipulated agreements, and names

of the directors of the test and the representative parties to the test
(b) any additional general information about the plant and the test not included in the executive summary, such as

(1) a historical perspective, if appropriate
(2) a cyclediagramshowing the test boundary (see figures in appendices for examplesof test boundarydiagrams for

specific plant types or test goals)
(3) a description of the equipment tested and any other auxiliary apparatus, the operation of which may influence

the test result
(c) a listing of the representatives of the parties to the test
(d) any pretest agreements that were not tabulated in the executive summary, including a detailed description of

deviations from the test procedure during the test, resolution of those deviations, and impact of the deviations to the test
results

(e) the organization of the test personnel
(f) the test goal per Sections 3 and 5 of this Code

6-4 CALCULATIONS AND RESULTS

The calculations and results section of the test report should include, in detail, the following information:
(a) the method of the test and operating conditions
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(b) the format of the general performance equation that is used based on the test goal and the applicable corrections
(this is repeated from the test requirements for convenience)

(c) a tabular summaryofmeasurementsandobservations including thereduceddatanecessary to calculate the results
and a summary of additional operating conditions not part of the reduced data

(d) a step-by-step calculation of test results from the reduced data including the probable uncertainty (see
Nonmandatory Appendices A and B for examples of step-by-step calculations for each plant type and test goal)

(e) a detailed calculation of primary flow rates (i.e., HTF flow rates) from applicable data, including intermediate
results, if required

(f) the HTF thermophysical property tables or correlations used in calculating secondary properties such as density,
heat capacity, and enthalpy

(g) any calculations showing elimination of data for outlier reasons, or for any other reasons
(h) a comparison of the repeatability of the test runs
(i) the correction factors to be applied because of deviations, if any, from specified test conditions
(j) the primary measurement uncertainties, including method of application
(k) a comparison of predicted performance from the guaranteed performance model at as-tested conditions to the

actual as-tested value.
(l) a tabular and graphical presentation of the test results
(m) a discussion and details of the test results’ uncertainties
(n) a discussion of the test, its results, and the conclusions

6-5 INSTRUMENTATION

The instrumentation section of the test report should include the following information:
(a) a tabulation of instrumentation used for the primary and secondary measurements, including make, model

number, tag name and number, calibration date, and bias value
(b) a description of the instrumentation location
(c) themeans of data collection for each data point, such as temporary data acquisition system printout, plant control

computer printout, or manual data sheet, and any identifying tag number or address of each
(d) an identification of the instrument that was used as backup
(e) a description of data acquisition system(s) used
(f) a complete description of methods of measurement not prescribed by the individual Code
(g) a summary of pretest and post-test calibration

6-6 CONCLUSIONS

The conclusions section of the test report should include the following information:
(a) a more detailed discussion of the test results, if required
(b) any recommended changes to future test procedures due to lessons learned

6-7 APPENDICES

Appendices to the test report should include the following information:
(a) the test requirements
(b) copies of original data sheets and/or data acquisition system printouts
(c) copies of operator logs or other recordings of operating activity during each test
(d) copies of signed valve lineup sheets and other documents indicating operation in the required configuration and

disposition
(e) the performance model description and/or calculations
(f) instrumentation calibration results from laboratories and certification from manufacturers
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Section 7
Uncertainty Analysis

7-1 INTRODUCTION

Test uncertainty is an estimate of the limit of error of a test result. It is the interval about a test result that contains the
true value with a given probability (i.e., level of confidence). Test uncertainty is based on calculations involving prob-
ability theory, instrumentation information, calculation procedure, and actual test data. ASME PTC 19.1 covers general
procedures for calculation of test uncertainty. ASME PTC 52 requires uncertainty to be calculated for a 95% level of
confidence.

(a) This Code addresses test uncertainty in the following four sections:
(1) Section 1 defines the uncertainty approach.
(2) Section 3 defines the requirements for pretest and post-test uncertainty analyses and howuncertainty analyses

are used in the test.
(3) Section 4 describes the systematic uncertainty required for each test measurement.
(4) This Section provides applicable guidance for calculating pretest and post-test uncertainties for the four test

goals of this Code.
(b) Because it is required that the parties to the test agree to the quality of the test (measured by test uncertainty),

pretest and post-test uncertainty analyses are an indispensable part of a meaningful performance test. An evaluation of
the test uncertainty

(1) provides a measure of the quality of the test goal.
(2) helps identify actions needed to achieve the desired uncertainty. The contribution of each individual measure-

ment to the overall uncertainty is identified. Efforts can thenbe concentrated on improving themost significant contribu-
tions to achieve the desired level of test accuracy.

(3) provides test run validation.
(4) demonstrates compliance with agreements.

7-2 PRETEST UNCERTAINTY ANALYSIS

In planning a test, a pretest uncertainty analysis is required as stated in para. 3-6.2.1. This analysis allows corrective
action to be taken prior to the test, to either decrease the uncertainty to a level consistentwith the overall objective of the
test or reduce the cost of the test while still attaining the objective. An uncertainty analysis is also useful to determine the
number of observations that are required for the test.

7-3 POST-TEST UNCERTAINTY ANALYSIS

A post-test uncertainty analysis shall be conducted to determine the uncertainty intervals for the actual test and to
verify the assumptions made in the pretest uncertainty analysis. In particular, the data should be examined for sudden
shifts and outliers. Any outliers that are the result of spurious data as determined byASMEPTC19.1 should be eliminated
to avoid inflating the post-test uncertainty. The assumptions for random error should be checked by determining the
degreesof freedomand the standarddeviationof eachmeasurement.This analysis serves tovalidate thequalityof the test
results or to expose problems.

7-4 INPUTS FOR AN UNCERTAINTY ANALYSIS

Toperformanuncertainty analysis for a concentrating solar power (CSP) plant, test inputs are required to estimate the
uncertainty of each of the requiredmeasurements. Test inputs are also required to estimate the sensitivity of each of the
requiredmeasurements on corrected results. Guidance on estimating the uncertainty and calculating the required sensi-
tivity coefficients can be found in ASME PTC 19.1.
The following two types of uncertainties make up the total uncertainty:
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(a) Random Error. Also knownas precision error, randomerror varies during repeatedmeasurements dueprincipally
to the nonrepeatability of the measurement system. Random error may be reduced by increasing both the number of
instruments used to measure a given parameter and the number of readings taken.

(b) Systematic Error. Also knownasbias error, systematic error is usually anaccumulationof individual errors that are
not eliminated through calibration. It is a constant value despite repeated measurements and is frequently difficult to
quantify.
The total uncertainty is calculated from the root sum square of the random and systematic components (see ASME

PTC 19.1).

7-5 CORRELATED AND UNCORRELATED APPROACHES TO UNCERTAINTY MEASUREMENT

When listing all sources of uncertainty from different categories, the sources should be definedwhere possible so that
theuncertainties in the various sources are independent of eachother. Theparameters and their associateduncertainties
are then considered uncorrelated. When the parameters or the uncertainty in those parameters are not independent of
each other, they are considered correlated. The correlation can be either positive or negative and can be between 0%and
100%. There are many situations where systematic errors from some of the parameters are correlated. For example,
errors are correlated when the same instrument is used to measure different parameters, different instruments are
calibrated against the same standard, or similar instruments are used to measure the same parameter. In these cases,
some of the systematic errors are said to be correlated and these errors shall be considered in the determination of the
systematic uncertainty. For example, a groupof potential transformers purchased from the same factory at the same time
may exhibit a characteristic bias resulting from the specific equipment, materials, and processes used in their manu-
facture. Similar effects may be seen in flow-metering devices, temperature measurement devices, and pressure trans-
mitters. The handling of correlated uncertainties can be difficult. It can be particularly difficult in cases of partial
correlation, because this requires the use of mathematically complex procedures to establish the covariances. As
such, for most practical applications, the simpler techniques described below should be used to estimate the
effects of correlated systematic uncertainties. If the mathematical relationship of the correlated parameters cannot
be redefined to eliminate the correlations, experience and engineering judgment is required to estimate the degree
of correlation. One approach is to use an analysis technique that divides the sources of uncertainty into correlated
and uncorrelated categories and to carry out parallel analyses adding contributions linearly for the correlated
sources and by root sum square for the uncorrelated sources as described in ASME PTC 19.1. An alternate approach
is to perform uncertainty analyses based on fully correlated and uncorrelated measurements to establish a range.

7-6 UNCERTAINTY CALCULATIONS

This subsection details the calculations that shall be completed to determine the systematic and randomuncertainties
of the measurements and result as well as the combined result uncertainty.

7-6.1 Systematic Standard Uncertainties

7-6.1.1 Measurement Systematic Standard Uncertainty, bX̅. As previously stated, this is the error, associated with a
measurement, that cannot be eliminated by calibration of the instrument. Section 4 provides guidelines for estimated
systematic standard uncertainties based on measurement and instrument types.

7-6.1.2 SystematicStandardUncertaintyDue toSpatialVariation,bspatial.Anadditional systematic uncertaintymay
be attributed tomultiplemeasurements of a parameter that are spatially distributed. Spatial effects are considered to be
systematic, not random, and can be evaluated statistically.

=b
s

Jspatial
spatial (7-6-1)

where
J = number of sensors (i.e., spatial measurement locations)

sspatial = standard deviation of the multiple sensor time-averaged values

=
=

X X

J

( )

1
i

J

i
1

2

Xi = average for the sampled location
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X = grand average for all averaged parameter measurement locations

When spatial variation is expected, careful planning for the number and location of sensors is critical to reducing the
impact of spatial variation on uncertainty.

7-6.2 Measurement Random Standard Uncertainty, sX̅
Themeasurement random standard uncertainty is attributable to the nonrepeatability of themeasurement system as

follows:

= =X

X

N

N
j

j 1
(7-6-2)

where
N = number of sample measurements
X = average of the measurements over the test period
Xj = value of each individual measurement in the sample

The standard deviation of the sample sX is given by

=
=

s
X X

N

( )

1X
j

N
j

1

2
(7-6-3)

The random standard uncertainty is the standard deviation of the mean, or

=s
s
NX
X (7-6-4)

7-6.3 Sensitivity Coefficients, Θi

The sensitivity coefficients may be numerically determined by using the designmodel to evaluate the effect of pertur-
bation of a single measurement value on the result.

= R
Xi

i
(7-6-5)

where
∂R = change in result
∂Xi = change in measurement
Θi = sensitivity coefficient for parameter i

7-6.4 Combined Uncertainty of the Result, UR

The combined uncertainty of the result,UR, for a given parameter is the residual sumof squares value of the systematic
and random standard uncertainties of eachmeasurementmultiplied by the sensitivity coefficient, Θi, for that parameter.
Alternate equivalent formulations are

=
=

b b( )R
i

I

i X
1

2
i

(7-6-6)

=
=

s s( )R
i

I

i X
1

2
i

(7-6-7)
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= × +U t b s( ) ( )R R R95
2 2 (7-6-8)

where
bRi = systematic standard uncertainty component of a result
bXi = +b bXspatial

2 2 (see para. 7-6.1.1)
sR = random standard uncertainty component of a result

sX i = random standard uncertainty for parameter i
t95 = value of the student’s t
UR = uncertainty of the result with 95% confidence interval
Θi = sensitivity coefficient for parameter i

Therefore, the interval within which the true result should lie with 95% confidence is the measured result ±UR.
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NONMANDATORY APPENDIX A
THERMAL ENERGY STORAGE

A-1 OBJECT AND SCOPE

A-1.1 Object

All principles, procedures,methods, anddefinitions in the Codeare applicable for this Appendix aswell. Thepurpose of
thisAppendix is to provideprocedures,methods, anddefinitions that arenot included in themainportionof theCode, but
which are relevant for performance testing of the solar-to-thermal conversion systems where they include thermal
energy storage (TES) systems. See Figures A-1.1-1 and A-1.1-2 for examples of typical direct and indirect TES systems.
It is intended that accurate instrumentation and measurement techniques shall be used to determine the following

performance results, as required:
(a) storage capacity
(b) thermal efficiency
(c) storage charging rate
(d) storage discharging rate
(e) auxiliary load consumption
(f) thermal losses of storage tanks

A-1.2 Scope

ThisAppendix isprovided for guidanceonly and is not amandatorypart of theCode. The specific testing shall be agreed
upon between the parties. It is anticipated that this Appendix will eventually be superseded by a specific ASME PTC.
This Appendix contains methods for conducting and reporting of performance for hot tank–cold tank TES systems.

NOTE: Phase changematerial and thermocline storage systemcharacteristics and test parameters aredifferent from two-tank systems
characteristics and test parameters, and therefore phase change material and thermocline storage systems are not covered by this
Appendix. Parameters and test methods for these storage systems, including allowances for items such as chemical degradation and
temperature hysteresis, shall be agreed upon between the parties to the test.

A-1.3 Uncertainty

Themethods for calculating uncertainty in the Code apply to this Appendix. The acceptable uncertainty values shall be
agreed to by the parties to the test.

A-2 DEFINITIONS AND DESCRIPTIONS OF TERMS

The symbols and definitions described in Section 2 of the Code shall apply to this Appendix.

A-3 GUIDING PRINCIPLES

Theguidingprinciplesdiscussed inSection3of theCodeapply to thisAppendix.TES-specific testsdescribedhereareall
short-term performance tests. Multiday performance testsmay ormay not include TESwithin the test boundary and are
described in the main portion of the Code.

A-3.1 Tests

The test goals include the following:
(a) storage capacity
(b) thermal efficiency
(c) storage charging rate
(d) storage discharging rate
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Figure A-1.1-1 Typical Direct TES Hot Tank–Cold Tank Configuration With Discharge Heat Exchanger
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Figure A-1.1-2 Typical Indirect TES Hot Tank–Cold Tank Configuration With Charge and Discharge Heat Exchanger
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