ASME PTC 52-2020

Concentrating
Solar Power
Plants

Performance Test Codes

AN AMERICAN NATIONAL STANDARD

%z@ The American Society of

® Mechanical Engineers


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

ASME PTC 52-2020

___Concentrating

Solar Power
Plants

Performance Test Codes

AN AMERICAN NATIONAL STANDARD

@?A@ The American Society of

® Mechanical Engineers Two Park Avenue ® New York, NY ¢ 10016 USA


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

Date of Issuance: November 5, 2021

This Code will be revised when the Society approves the issuance of a new edition.

ASME issues written replies to inquiries concerning interpretations of technical aspects of this Code. Interpretations are

published on the Commlttee web page and under http //go.asme. org/lnterpsDatabase Perlodlcally certain actions of the

Errata to
incorrect
on the d

The PTC
receive a

appropri

This cod
Committe
opportuni
for additig

ASME d

ASME d
document]
assume an
risk of infi

Particip
endorsem

ASME afcepts responsibility for only those interpretations of this document issued in accordance with the established ASME proce

and polici

ttp://go.asme. org/PTCcommlttee as they are |ssued

codes and standards may be posted on the ASME website under the Committee Pages to provide correctio
v published items, or to correct typographical or grammatical errors in codes and standards. Such errata shall be
hte posted.

Committee Page can be found at http://go.asme.org/PTCcommittee. There is an option available to automat
n e-mail notification when errata are posted to a particular code or standard. This gption can be found or
te Committee Page after selecting “Errata” in the “Publication Information” section.

ASME is the registered trademark of the American Society of Mechanical Engineers.

e or standard was developed under procedufes,accredited as meeting the criteria for American National Standards. The Stan

y to participate. The proposed code or.standard was made available for public review and comment that provides an opport
nal public input from industry, acddemia, regulatory agencies, and the public-at-large.

oes not “approve,” “rate,” or “ehderse” any item, construction, proprietary device, or activity.

bes not take any position with respect to the validity of any patent rights asserted in connection with any items mentioned i
and does not undertake tg instre anyone utilizing a standard against liability for infringement of any applicable letters paten

y such liability. Users ofa cede or standard are expressly advised that determination of the validity of any such patent rights, an
ingement of such rights; is entirely their own responsibility.

htion by federal agency representative(s) or person(s) affiliated with industry is not to be interpreted as government or ind

ent of this cade or'standard.

bs, which grecludes the issuance of interpretations by individuals.

No part of this document may be reproduced in any form,

ittee

hs to
used

cally
the

Hards

b that approved the code or standard was balanced to assure that individuals from competent and concerned interests have hpd an

unity

h this
E, nor
d the

ustry

Hures

in an electronic retrieval system or otherwise,
without the prior written permission of the publisher.

The American Society of Mechanical Engineers
Two Park Avenue, New York, NY 10016-5990

Copyright © 2021 by
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
All rights reserved
Printed in U.S.A.


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

CONTENTS

N0 o
Forgwordm—m"""m"""r—m—— T
Comimittee ROSter . . o oo ittt e it ittt ittt ittt i el
Corrlespondence With the PTC Committee . . . .. oo v it ittt ittt ittt ittt i e teaseaseadens
Sectiion 1 Objectand Scope . .. ....... ..o dednin,
1-1 100 =Tt v N
1-2 R 00
1-3 Uncertainty . .. ov vttt i i e MY e e e
1-4 ReEfErenCeS .« o v v ittt e e e A e e e
Sectiion 2 Definitions and Descriptions of Terms . . ... .. ... .. 3% oottt
2-1 Definitions & v v ottt e R e e et
2-2 Symbols .. .ot S e
2-3 Abbreviations and ACTONYMS . . . vttt NN et i it e e
Sectiion 3 Guiding Principles . .. ... ... G e
3-1 Introduction .. ... .o vt i ittt N e et it et i et e e e e
3-2 =] e
3-3 TestPlan . ..o oo v S e e e e
3-4 Test Preparations . .. ...t ot i i e e e e e
3-5 Conduct of the Test « v oo ot vttt ittt it ettt ettt e aseaennaensns
3-6 Calculation and Reporting of Results . . . ...... oot
Sectiion 4 Instruments and Methods of Measurement . ... ............... ... ...,
4-1 General ReqUINEMENES . . . v v vttt it it et et ettt et ee et tesaeneenensas
4-2 Solar Direct Normal Irradiance Measurement . .. ......cov i vii it enns
4-3 Pressure-Measurement . . . . ..ottt ittt e e e e e e
4-4 Temperature Measurement . . .. ..o v vttt ittt ittt ittt e
4-5 BIOW' Measurement . . ..o vttt it ittt ittt et ettt ettt e
4-6 Humidity Measurement . . . .o v ot v v ittt it ettt et e e te e e oaeneneensnsas
4-7 Wind Speed and Direction . . ... .. v ittt ittt e e e e
4-8 Level Measurement « o o v v vt vttt it ettt te e ee e aseeensnseeensnsenensas
4-9 Auxiliary or Supplemental Fuel Input Measurement .. ...........covvuvenenn..
4-1 EIeCtrIC POWET MEASUTEIIEIT « - « -« « « « =« =« s v o v o v o v v o e o e e e
4-11 Atmospheric Attenuation . . ... ..o i i e e e e e
4-12 Receiver ADSOIptance . . .o v v v ittt ittt ettt ettt it et
4-13 Fluid Properties . . ..o ittt it it i i i it it it it et e s e e
4-14 Cleanliness « v v v vttt ettt it e e e e e e e e e
4-15 Data Collection and Handling . . . ... ..o i ittt i i e e
Section 5 Calculationsand Results . .. ....... ... i i
5-1 INtroduction .. ..ot i ittt e e e e e e

iii

vi
vii

viii

O O D DN PR R R

U1 U1 U1 U1 U D DD s D D DWW NN NN R R R
Ul U1 DD © ©O O O 0O N Ul A W N P O NN DN O N U » ©O O O


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

5-2 Calculations . .o v ittt e e e e e e e e e e
5-3 Comparison of As-Tested Performance to Predicted Performance .................
Section 6 Report of Results . . ... ... . it ittt iie i
6-1 General ReqUIrEMENtS & . . v v vttt ittt it ettt ettt it e e ae e
6-2 Executive SUMMAry . . .o v ittt it it i it i e i e e
6-3 09U /o 6 15 ot (o) o
6-4 Calculations and Results . . ... oot ittt e e
6'5 Illbl,l ulllCllLdLiUll ....................................................
6-6 (000} 4 T 11 13 () s 13
6-7 APPENdiCeS « v v vt e e e e e et )N
Section [7 Uncertainty Analysis . . . ... o i i i A
7-1 Introduction . . ...cooi ittt i i i e e
7-2 Pretest Uncertainty Analysis . . . . oo v ittt ittt it it e e e N
7-3 Post-Test Uncertainty Analysis . .. ... cviii it e innnnnn.
7-4 Inputs for an Uncertainty Analysis .. ... SO0 i,
7-5 Correlated and Uncorrelated Approaches to Uncertainty Measurement . . ...........
7-6 Uncertainty Calculations . .. . ..o ittt ittt @ e et e e
Nonmarjdatory Appendices
A Thermal Energy Storage . . . . v oot vttt ittt e e e et et et e e e e aenenenes
B Sample Multiday Performance Test . . ... oo v s ettt it ittt i et a e
Figures
3-2.4-1 Sample Solar Field Test Boundary . ..\ . . oo ittt i i e e
3-5.4.3-1 Three Post-Test Cases . .. ... .%0 o i i i i e
4-3.4-1 Five-Way Manifold . . . . .o o e et it i i i ettt e e e
4-3.4-2 Water Leg Correction for Flow Measurement . .. ...... .o iiii i en..
4-4.4.2-1 Three- and Four-Wire RTDS . . . . oottt ittt it i it ittt i i e
4-14.2-1 Incidence Angle, Acceptance Angle, and Specularity . ........... ... . i
A-1.1-1 Typical Direct TES Hot Tank-Cold Tank Configuration With Discharge Heat

25 (ol 1 N 1Y) o St
A-1.1-2 Typical Indirect TES Hot Tank-Cold Tank Configuration With Charge and Discharge Heat

D5 (o] Y=
A-3.2.1-1 TestBoundary Diagram . . ... cv it ittt ittt ittt ittt i i e
B-1-1 Ratio of Measured to Predicted Thermal Energy Production .....................
Tables
2-2-1 NOMENCIATUTE & v v vttt e e et et e et et e et e et e te e ie e tne e ie e ineennens
4-2.3-1 Contributing Factors to Overall DNI Measurement Uncertainty . ..................
4-3.4-1 Impulse Line Diameters . .. ..o vttt ittt ittt ittt et e e
4-5.2-1 Typical Maximum Measurement Uncertainties for Flow Measurement Instruments . . . .
4-5.3-1 Recommended Flowmeter as a Function of Application . .......................
B-1-1 Design Parameters .. ..o v ittt ittt e e e et e
B-1-2 Irradiance . ..o oo i e e e e e e e
B-1-3 WA .o e e e e e e e e
B-1-4 TemMPerature . . .. v vttt ittt ettt ettt e e e e

55
58
59
59
59
59
59
60
60
60
61
61
61
61
61
62
62

65
71

13
20
32
32
35
51

66

66
67
72

28
31
38
39
73
74
75
75


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

B-1-5
B-1-6
B-1-7



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

NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The following
information is based on that document and is included here for emphasis and for the convenience of the user of the Code. It
is expectpd that the Code user 15 fully cognizant ol sections I and 3 of ASME PTC I and has read them prior to applying this
Code.

ASME Performance Test Codes provide test procedures thatyield results of the highestlevel of accuracy consisténtwith
the best pngineering knowledge and practice currently available. They were developed by balanced cominittees rdpre-
senting dll concerned interests and specify procedures, instrumentation, equipment-operating requirements, calculgtion
methods] and uncertainty analysis.

When fests are run in accordance with a code, the test results themselves, without adjustment for uncertainty, yieldl the
best available indication of the actual performance of the tested equipment. ASME Performance Test Codes do not spgcify
means td compare those results with contractual guarantees. Therefore, it is recommended thatthe parties to a commer-
cial test dgree before starting the test and preferably before signing the contract on the niethod to be used for compdring
the test gesults with the contractual guarantees. It is beyond the scope of any code to‘determine or interpret how puch
comparigons shall be made.

vi
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FOREWORD

In the early 2000s, concentrating solar power (CSP) plants were being built in several locations around the world. The

plants varied in size and in the type oftechnology they used, but they shared at least one difficulty: there was no

The |Code does not address any photovoltaic solar fields or other systems where a heatbalance at the boundd
thermal system cannot be evaluated separately (e.g., dish-Stirling systems).

Injitially, the Code was going to cover each CSP technology individually (tower, tfough, linear Fresnel, stor.
However, after a few meetings the Committee realized that if the solar field components were all kept withiy
boundary and if the testing was concerned only with the energy streams crossing the boundary, all the technolog
be tested using the same guidelines. The final Code reflects this approachs

T¢ prepare the Code, the Committee faced two fundamental differencesbetween an acceptance test for a CSP
atestfor a conventional fossil-fired system. The first difference is the transient nature of the energy source, and tH
isthg need to consider the role of an analytical performance model in the acceptance process. These factors bring
the impacts of transient processes, uncertainties introduced by amodel, and the need to test the accuracy of the
predicting long-term performance. That means considering daily, Seasonal, and annual solar cycles within the sc
acceptance test procedure. Different types of tests are describéd in the Code, including short-term steady-state
longer multiday tests.

F{cilities thatinclude thermal energy storage facilities can also be tested using this Code, so long as the storage
the fest boundary. The Committee has also develeped an appendix to discuss the approach for testing therm
storage systems independently.

The Committee recognizes that the development of new technologies, processes, and fluids is ongoing and n|
charjges and improvements to the desigh,operation, efficiency, and output potential of the existing tech
prodesses, and fluids. This Code has considered the range of conventional, proven CSP methods as those are
at this time. These technologies inclide

(a) parabolic trough with lin€arreceiver(s)

(H) compact linear Fresnel reflectors with linear receiver(s)

(c) central tower receiverywith a heliostat field (both open and cavity style receivers)

(d) thermal energy storage using a hot tank-cold tank system

Syistems using différent technologies than those listed can also be tested for acceptance using the guidance
PTC|52.

This Code was.approved by the PTC 52 Committee and the PTC Standards Committee on August 1, 2019. It
apptoved 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 Code may interact with the Committee by requesting interpretations, proposing revisions

or afcase, and attending Committee meetings. Lorrespondence 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 chahges that appear nec
desifable, as demonstrated by the experience gained from the application of the-Code. Approved revision
published periodically.

the paragraph number(s), the proposed wording, and a detailed description.of the reasons for the proposal, incly
pertinent documentation.

Prioposing a Case. Cases may be issued to provide alternative ruleswhen justified, to permit early impleme
an approved revision when the need is urgent, or to provide rules'net covered by existing provisions. Cases are
immediately upon ASME approval and shall be posted on the(ASME Committee web page.

R¢quests for Cases shall provide a Statement of Need and‘Background Information. The request should idg
Cod¢ and the paragraph, figure, or table number(s), and beWritten as a Question and Reply in the same formata
Casdgs. Requests for Cases should also indicate the applicable edition(s) of the Code to which the proposed Cas

erpretations. Upon request, the PTC Standards Committee will render an interpretation of any requirem
. Interpretations can only be rendered in reésponse to a written request sent to the Secretary of the PTC S

is accessible at http://go.asme.orgy/InterpretationRequest. Upon submittal of the form, the Inquirer will r
atic 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 S
Comlmittee at the above address: The request for an interpretation should be clear and unambiguous. It is fur
ommended that the Inquirer submit his/her request in the following format:

Subijfect: Cite the applicable paragraph number(s) and the topic of the inquiry in one or tw
Edit]on: Cite the applicable edition of the Code for which the interpretation is being req

uegtion: Phrase the question as a request for an interpretation of a specific requirement su
q q p p q

general understanding and use, not as a request for an approval of a proprietary

situation. Please provide a condensed and precise question, composed in such a w

bssary or
s will be

Tie Committee welcomes proposals for revisions to this Code. Such proposals.should be as specific as possiljle, citing

ding any

tation of
effective

ntify the
existing
e applies.

bnt of the
fandards

brm. The
bceive an

tandards
ther rec-

o0 words.
uested.

table for
Hesign or
fay thata

“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 thatare not in the format described above may be rewritten in the appropriate format by the Committee prior

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
understanding of the Code requirements. If, based on the inquiry information submitted, it is the opinion of the Committee
that the Inquirer should seek assistance, the inquiry will be returned with the recommendation that such assistance be
obtained.

ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve,” “
device, or activity.

NG

certify,” “rate,” or “endorse” any item, construction, proprietary

Attending-€ommittee-Meetings—Fhe PTCStamdardsCommittee Tegutarty trotds reetingsammd/orteteptrome tonfer-
ences thdtare open to the public. Persons wishing to attend any meeting and/or telephone conference should contagt the
Secretary of the PTCStandards Committee. Future Committee meeting dates and locations can be found on the Commijttee
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-thérmal co
systeéms (i.e., solar thermal systems) associated with concentrating solar power (CSP) plants of parabelic trou
Frespnel, and power tower designs.

Agcurate instrumentation and measurement techniques shall be used to determine the follewing performanc
(a) thermal power output of solar field
() thermal energy production of solar field
(c) solar thermal efficiency
(d) heat transfer fluid (HTF) system parameters’

(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 irradian
perfprmance of the downstream equipment (which is not part of this“Code), and ambient conditions. TI
the parties to the test should pay particular attention to the combined effect of actual test conditions com
the flesign values.

1-2 |SCOPE

This Code applies to testing of solar-to-thermal conversion systems for parabolic trough, linear Fresnel, ay
towgr CSP systems. A unique feature of these systems is the variability of the input energy from the sun. T
recommendations regarding the instrumentation‘reéquired 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 plan
This|Code recognizes that many forms of energy storage systems with varying test goals are likely to be of inter
industry. In the absence of any other Code=level guidance, this Code provides input related to testing therma
systems in Nonmandatory Appendix A

This Code does not apply to systéms where a heat balance at the boundary of the thermal system cannot be €
sepdrately, such as
concentrating photovdltaics (CPV) plants
concentrating photoyoltaics 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-thermg
conyersion systems that may include thermal energy storage systems. This Code includes requirements fo

nversion
bh, linear

b results:

ce (DNI),
herefore,
pared to

d power
herefore,

designs.
bst to the

| storage

valuated

l-energy
I’ pretest

arrapgements, testing methods, instrumentation, recommendations for measurement, and methods (or gufidelines)

for ¢alculating test results and uncertainty. This Code does not apply to the determination of balance-of
powgr=¢ycle performance.

plant or

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 of measurements that must be made, 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 lochtions and their related uncertainties. Thus, the pretest analysis helps identify measurement locations that‘llmve
low uncertainties and meet test goals. The test uncertainty shall be calculated in accordance with the procedureS)defined
herein and by ASME PTC 19.1.

A postjtest uncertainty analysis is also required. It is used to determine the uncertainty for the actual test. This analysis
should cpnfirm the pretest systematic and random uncertainty estimates and validate the quality of/the test reqults.

Deviatiions from the methods required in this Code are acceptable only if it can be demonstrated that they provide gqual
or lower] uncertainty.

Test upcertainties are calculated solely to quantify the test quality and are not to be confused with other commerdially
negotiat¢d quantities, such as test tolerances that may be contractually agreed to by parties'to+a test. Commercial agree-
ments afe beyond the scope of this Code.

1-4 REFERENCES

The applicable provisions of ASME PTC 1 are a mandatory part of this Codé.T'o the extent they are applicable to CSP
testing, the Instruments and Apparatus Supplements to ASME PerformancéTest Codes (ASME PTC 19 series) should be
consultefl when selecting the instruments and when calculating test uhcertainties.

The fdllowing is a list of publications listed in this Code:

AGA Regort No. 8-1992, Compressibility Factors of Natural Gasiand Other Related Hydrocarbon Gases
Publishef: American Gas Association (AGA), 400 North Capital Street, NW, Washington, DC 20001
(wwwlaga.org)

ANSI/IEEE 120-1989, Master Test Guide for Electrical-Measurements in Power Circuits
Publishqr: Institute of Electrical and ElectronicsiEngineers, Inc. (IEEE), 445 Hoes Lane, Piscataway, N] 04854

ASME MFC5.1-2011 (R2018), MeasurementofLiquid Flow in Closed Conduits Using Transit-Time Ultrasonic Flowmgters

C 1-2015, General Instructions

C 4.4-2008 (R2013), Gas"Turbine Heat Recovery Steam Generators

C 12.4-1992 (R2019), Moisture Separator Reheaters

C 19.1-2018, Test Ungertainty

C 19.2-2010 (R2020), Pressure Measurement

C 19.3-1974 (R2004), Temperature Measurement

C 19.5-2004(R2013), Flow Measurement

C 19.6-2018, Electrical Power Measurements

C 192222007 (R2017), Data Acquisition Systems

C_22-2014, Gas Turbines

C¥%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)
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Section 2
Definitions and Descriptions of Terms

2-1 DEKINITIONS

absolute pressure: the pressure of a fluid relative to absolute vacuum, often calculated as the algebraic sum‘of'the a
spheric pressure and gauge pressure.

absolute pressure transmitter: an instrument that measures pressure referenced to absolute zero pressure and trans

acceptance test: the evaluating action(s) to determine if a new or modified piece of equipment satisfactorily mee
performdnce criteria, permitting the purchaser to "accept” it from the supplier.

accuracy} the closeness of agreement between a measured value and the true value.

ambient fiir temperature: the air temperature as measured at agreed-on location(s). The parties to the test shall agre
the reprgsentative location(s). The word “ambient” as used in the Code shall miean the physical properties of the air a
agreed-gn location(s).

mo-

mits

s its

eon
t the

aperturejarea: the projection of the active reflective surface of the colleéter, subtracting any gaps between mirrors, op the

aperture|plane. The aperture plane is the plane that contains the two figncoincident lines delineating the outer rims g
solar collector.

aperture|normal irradiance (ANI): DNI vector normal to aperture plane.

atmospheric pressure: the force per unit area exerted bythe atmosphere. Standard atmospheric pressure is 760
(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.

auxiliarylheat input: the thermal energy input te the heat transfer fluid or working fluid from pumps, heaters, and six
devices.

auxiliary|power: the electric power usedin‘the operation of the plant or elsewhere as defined by the test boundary.
commonly referred to as "auxiliary (oad."

baromettic pressure: the force per linit area exerted by the local atmosphere.

blowdown: water dischargedd{rom a system, such as from an evaporator, to control the concentration of minerals or g
impuritigs.

fthe

mm

hilar

Also

ther

calibratipn: the process-0f comparing the response of an instrument to a standard instrument over some measuretent

range and adjustingthe instrument, if appropriate, to match the standard.

calibratipn driftsashift in the calibration characteristics.

cleanlingss faetor: the ratio of energy flux reflected and/or transmitted by a soiled surface to energy flux reflected an

H/or

transmitted’by the same surface in perfectly clean condition. Sometimes the term soiling factor is used, and the meaning is

the inverse of cleanliness factor.
coefficient of discharge, Cy: 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 the mean plus or minus the uncertainty. A valu

e for

uncertainty is meaningful only if it is associated with 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
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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 falls within 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.

eco

omizer: aheatrecoverydevice designed to transfer heatbetween fluids.located upstream in the feedwater p

th ofthe

evay
effic
emp

erro

orator. Also known as a preheater.
ency, conversion: the ratio of the useful energy produced by the system to that of the total energy entefing'th
rical formulation: a mathematical formulation of observed data.

- the difference between the measurand and its corresponding true value where the measurand is the p

quatity that is being measured or estimated.

e
en
en
e

disti

syst
e
thro
e
syst
e
the

evay
feed

field|
labo
tion

flow]

or, bias: see error, systematic.

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

or, precision: see error, random.

or, random, ,: sometimes called precision error, random error is a statistical quantity thatis expected to be
ibuted. Random error results from the fact that repeated measurements of the Same quantity by the same mj
bm operated by the same personnel do not yield identical values.

ughout a test process.

ror, total: the difference between the true value and the medsured value; this includes both the ran
bmatic errors.

or, total (measurement), d: the true, unknown difference between the assigned value of a parameter or testr
rue value.

orator: a heat transfer section wherein feedwater is-wvaporized. Also known as a boiler or steam gene
water: water entering an evaporator or economizer section.

calibration: the process by which calibrations are performed under conditions that are less controlled
ratory calibrations with less rigorous measurement and test equipment than provided under a laboratory

metering run: the section(s) of piping consisting of the primary element, flow conditioner (if applica

upstiream and downstream piping which conforms to the overall straight length and other manufacturing and in

requ
gaug
whe
gaug
info

irements.

e the measuring gauge Jis located. It may be positive or negative.

e pressure transmitter: an instrument that measures pressure referenced to atmospheric pressure and tran
mation.

gua
(as

hea

hea
crea

anteed perfermance model: the performance model that was used for contract negotiations, financial closg
pplicablé).

' therfnal energy in transit from a source at a higher temperature to a sink at a lower temperature.

balarice: the utilization of the firstlaw of thermodynamics (i.e., conservation of energy, wherein energy canb

b system.

articular

hormally
easuring

or, systematic, d: the portion of total error that remains constant-in{repeated measurements of the true value

Hom and

psultand

ator.

than the
F calibra-

ble), and
tallation

e pressure: the difference hetween the absolute pressure at a point and the pressure of the ambient atnhosphere

Emits the

, or both

e neither

ed nor destroyed, only converted Irom one 1orm to anotner) to reconciie imcoming and outgoing streams o

fenergy.

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

seco

nd lower temperature heat transfer fluid or reservoir.

heat loss: energy quantity that leaves the test boundary outside defined exits.
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heattransfer fluid (HTF): the fluid flowing through a solar collector or other equipment or system to transfer heat. HTF can
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, 0: 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.

instrume

t:atool ordevice used to measure physical dimensions of length, thickness, width, weight or any other value of a

variable.
viscosity]
signals t
pieces off
as the b

laborato
cialized

bration, {
internati
isons ha

loop cali

maximu
capable
maximuy
net ther

paramet;
ment of
physical
tempera
performd
imating
predicted
primary
manufac
orifice p
primary
the aver
primary
redunda

referencd
perform
referenc

reflectan

These variables can include size, weight, pressure, temperature, fluid flow, voltage, electric current, der
and power. Instruments can be sensors which may not, by themselves, incorporate a display but tran|
remote computer-type devices for display, processing, or process control. Instruments can also bée-anci

equipment directly affecting the display of the primary instrument (e.g., ammeter shunt) or toolsor fixtures

isis for determining part acceptability.

'y calibration: the process by which calibrations are performed under controlled conditiors with highly
measuring and test equipment that has been calibrated by approved sources. To qualify as a laboratory
he calibration must remain traceable to the National Institute of Standards and Technology (NIST), a recogn]
onal standard organization, or a recognized natural, physical (intrinsic) constant:through unbroken com
Ving defined uncertainties.

bration: the calibration of an instrument through signal-conditioning equipment including a recording de

n rated flow: maximum flow rate from an individual equipment item.or grouping of equipment items th

n continuous rating (MCR).
hal energy: total energy collected minus system losses.

br: a direct measurement; also, a parameter is a physical quiantity at alocation which is sensed by direct meas
h single instrument or determined by the averaged mgasurements of several similar instruments of the §
quantity. Alternatively, a quantity that could be méasured or taken from best available information, suq
ure, pressure, stress, or specific heat, used in determining a result. The value used is called the assigned v

nce model: a computer model that calculates‘output based on environmental data using algorithms apy
hctual plant parameters, geometries, and(processes.

performance: the performance as predicted by a performance model based on input parameters.

blement: the component of a differéntial pressure flow metering run that is flanged or welded between speg
fured pipe sections, across which'the pressure drop is measured to calculate flow. The component may b
ate, a nozzle, or a venturi.

parameter: A direct measurément of a physical quantity at alocation as determined by a single instrument,
hge of several similarinstruments, that is used in the calculations of test results.

variables: the variables used in calculations of test results.

conditions:a set of external values, for parameters outside the test boundary, affecting performance at w
nce values are guaranteed. When performance testing is done at other values, test results are correctg
b conditions.

ceithe ratio of radiant energy reflected to the total radiant energy incident upon a surface.

sity,
smit
lary
1Ised

spe-
cali-
ized
par-

vice.

at is

pf being produced on a continuous basis under specified conditions. This is also frequently referred fo as

ure-
ame
h as
hlue.

rox-

ially
e an

r by

it instrumentation: two or more devices measuring the same parameter with respect to the same location.

hich
d to

reflector surface: in context of CSP, this is the mirror 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 random error of a method 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 direct measurement 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 that may 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.

I L L £ as +la 4 £l 4L 1 4 4+ £l 1 . 1. g1 4L | t f th
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incident direct beam radiation and the total aperture area of the solar field.

solafr weighted reflectance: the reflectance weighted over the solar radiation spectrum.

solaf 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 selarradiation.

specplar reflectance: reflectance in the specular direction. The specular direction is the ore’forming an angle with 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 ofthe incidence. Specular reflectance
dep¢nds on the angle of the acceptance of the reflected radiation, which must be given.

specplar transmittance: transmittance in the direction of the incident radiation.

stanflard atmospheric conditions: 101.325 kPa (14.696 psia), 288.15 K 01 5°C (519°R or 59°F), and relative humidity of
60%. Also called standard temperature and pressure (STP).
stanflard deviation: several types of standard deviation are definted in statistical analysis (e.g., population ptandard
deviption, sample standard deviation, standard deviation of the mean). In this Code, the term “standard dpviation”
refefs to standard deviation of the mean unless otherwise*specified.

studpnt’s t, tos: the value of the student’s t distribution is-determined for each measurement based on the degrees of
freeflom 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 gpecified
range of operating conditions.

test poundary: 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
bounpdaries is an extremely important visual tool that aids in understanding the scope of the test and the [required
meapurements.

test ¢oordinator: the designated pefson responsible for the execution of the test in accordance with the test requirements.
test jgoal: the object or resulting parameter of interest of performing a test.
test plane: a reference ‘plahe for measurement or parameter designation.
test jeading: one récording of all required test instrumentation.

test fun: a group:of'test readings taken over a specific time period over which operating conditions remain copstant or
neatlly so.

time of delivery (TOD): the stipulation sometimes included in power purchase agreements that puts greater [value on
produéction 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 olf-taker pays more for compared to weekend hours
October through April from 8 a.m. to noon.

traceable: the established pedigree for a measurement based on the chain of calibrations that links or traces a measuring
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 the measurement or result that contains the true value for a 95% confidence level.
uncertainty, measurement: estimated uncertainty associated with the measurement of a process parameter or variable.


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

ASME PTC 52-2020

uncertainty, random, 2S: an estimate of the # limits of random error with a defined level of confidence. Often given for
2-0 (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.
verificatipit—ase
been met.

2-2 SYMBOLS
See Tdble 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

Sensitivity coefficient for

parameter i

Units
Symbol Description SI U.S. Customary
28 Uncertainty (random) .
A Area m? ft*
b Uncertainty (systematic)
c Constant (generic) (various) (various)
Cy Heat capacity, constant pressure  kJ/kg-K Btu/Ibm-°R
C, Heat capacity, constant volume kJ/kg-K Btu/Ibm-°R
D Diameter m ft
F Vortex shedding frequency st hr!
h Enthalpy kJ/kg Btu/lbm
I Electric current amperes (A) amperes (A)
Lj Summation index (1, 2, 3,...n)
K Proportional flow factor m ft
L Level or length m ft
M Mass kg Ibm
m Mass flow rate kg/s Ibm/hr
n Total number of incremental
measurements
p Pressure kPa psia
Power factor
Heat/thermal energy k] Btu
Heat transfer rate/thermal power kW Btu/hr
Relative humidity % %
Strouhal number
Temperature °C (K) °F (°R)
Time s hr
Student’s t at 95% confidence
interval
U Uncertainty (total] .
u Velocity m/s ft/hr
v Volume m? ft
v Volumetric/flow rate m3/s ft3/hr
w Work/electric energy kWh Btu
w Work transfer rate/electric power kW Btu/hr
B Error (systematic)
) Error (total)
A Difference (various) (various)
Ap Differential pressure Pa inH,0
AT Temperature difference °C (K) °F (°R)
n Efficiency % %
P Density kg/m3 Ibm/ft3
) Sum
6 Incidence angle rad deg
)
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Section 3
Guiding Principles

3-1 INT|

This S
required|
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for CSP {
multiple
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During
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instrumg
tation to
instrumg
stages. F

ered if the CSP system’s‘permanent flow instrumentation is not capable of the accuracy required under Sectio

3-21 P

RODUCTION

bction provides guidance on the conduct of concentrating solar power (CSP) plant testing and outlingsthe s
to plan, conduct, and evaluate a Code test of CSP plant performance.
bsections discuss the following:

bts (subsection 3-2)

5t plan (subsection 3-3)

t preparations (subsection 3-4)

nduct of the test (subsection 3-5)

culation and reporting of results (subsection 3-6)

bde includes procedures for testing CSP plants to determine performance résults corresponding to test god
rides guidance for multiple-party tests conducted to satisfy or verify guardanteed performance as specifi
Fial agreements. This Code is not intended to provide performance~information on individual compon
receivers, heat exchangers, etc.).
bst shall be designed with the appropriate goal in mind to ensureproper procedures are developed, the ap
erating mode during the test is followed, and the correct perfotmance equations are applied. Potential test g
estsetup are givenin paras. 3-2.1.2 and 3-2.1.4. The partiestethe test shall agree on the appropriate test goa
Section 5 provides information on the general performance equations and variations of the equations to sup
est goals.

TS
bde may be incorporated into contracts by réference to serve as a means to verify certain commercial guarar
lant performance. If this Code is usedAor'‘guarantee acceptance testing or for any other tests where ther
parties represented, those parties shall mutually agree on the exact method of testing and the metho
Iment, as well as any deviations frem the Code requirements.

the design phase of the CSP system, consideration should be given to accurately conducting acceptance te
1l performance for the specifio type of CSP system. Consideration should also be given to the requiremen
ntation accuracy, calibratien, recalibration documentation, and the location of permanent plant instruj
be used for testing, Adéquate provisions for installation of temporary instrumentation where CSP sy
ntation is not adequate to meet the requirements of this Code shall also be considered during the dg
br example, properallowance for the placement of suitably accurate flow measurement devices shall be co

prformance Tests

For an|

may inclpde’direct normal irradiance (DNI), other meteorological conditions, and field status (e.g., active tracking

te§tyun, itis required to measure the input parameters required by the performance model. Input param¢
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hrea,

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:

10
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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 that meet the steam turbine or other thermal load’s power rating. The parties may or may not agree to reference
this test to a performance model. The recommended duration of the test run shall be, at minimum, a single period of 2 h.

(a) thermal power output of solar field (in megawatts)
(Y) 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 fidld’s total
thermal energy production measured over the course of a 24-hr/day multiday test peried, which could be|used for
cumpulative performance and also time-of-day performance. The result of this test shall beexpressed as a direct jneasure-
menft of thermal performance (total megawatt hours as determined by the test boundary)~This Code recommernds that a
minfimum 15-day test be considered. A 15-day test should be sufficient to demonstrate;the plant’s extended performance
and |ts performance during transients including startup, shutdown, and solar resouice interruptions.” The test §hould be
contfinuous. During the test, test days that do not meet the MDPT requirements specified in para. 3-5.2.3 may be pxcluded
fron} 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 dufing each
day with adequate DNI. Days with low or unstable DNI may be excluded from the sample and the test period ¢xtended
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 compargd to the
perfprmance predictions
(h) 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}s anticipated that a performance model will'be used to establish the expected test output against which the aftual test
outgut will be compared. In many cases thisthodel will have been the basis for the production estimate used to dptermine
finafpcing or purchase price for the CSP plant. If the economic expectations of the plant were based on TOD prjcing, the
partjes can agree to include TOD pricing ‘in the economic calculations. This pricing structure can be importgnt when
congidering the economic feasibility,of a project.

342.1.4 MDPT Results. The folowing results can be determined during an MDPT:

(a) thermal energy produgtion of solar field (in megawatt hours)

(W) HTF system parameters

(c) auxiliary load consumption (thermal, electrical, or both)

(d) thermal energy-storage performance (if applicable, see Nonmandatory Appendix A)

3-22 Prior ,Agreements

Cod¢ and_summarized as follows:

(a)_All parties to the test shall apprave 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:

T}e partiesto the testshall agree on all material issues not explicitly prescribed by the Code as identified throughout the

! This recommendation applies to a typical site with 250 days to 300 days of solar operation annually. During the 15 days, it is expected that there will
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 from site to site, the parties may decide to specify a minimum ratio of clear to cloudy days for the test and extend the test period
accordingly until these conditions are met. Alternatively, where there are significant seasonal differences in weather conditions (e.g., frost, frequency of
cloudiness), the parties may agree to an additional MDPT in another season.

11
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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) fctions to take if site conditions are outside the testing limits, including conditions for exclusion of hours or Hays
PT
SP system parameters, operating range, and stability criteria prior to starting a test and during.the test
ermissible adjustments to equipment/system operations during and between test runs
duration and number of test runs
resolution of unrepeatable test runs results
rejection of test readings (see subsection 3-6.2)
final model and test calculations, including the methodology for the model, provisions*for data collectiorf and
d technical parameters
requirements for data storage, document retention, and test report distribdtion
any unique test report format, contents, inclusions, and index outside of Section 6 that are of interest t¢ the
the test
specific type, location, and calibration requirements for all instrumentation and measurement systemfs
HTF thermophysical properties or data (or a method to specificallysmeasure the HTF properties) and apglica-
tion theyeof

(18) correlations for calculating wind speed at height based on ground measurements

(19) frequency of data acquisition

3-2.3

Clear fecords shall be made to identify and distinguish the’equipment to be tested and the exact method of tegting.
Descript{ons, drawings, and photographs may be used te give a permanent, explicit record of the test. Instrumentgtion
details ifcluding location and redundancy according te the guidelines in Section 4 shall be described in detail inf test
records.

A complete set of data and a complete copy ofthe testlog shall be provided to all parties to the test. All data and recprds
of the tedt shall be prepared to allow for clear and legible reproduction. The completed data records shall include the[date
and timejof day that each observation wasecorded. The observations shall be the actual readings without applicatipn of
any instrument corrections. The testlogshould constitute a complete record of events. Destruction or deletion of any{data
record, page of the testlog, or of any recorded observation is not permitted. If corrected, the alteration shall be enter¢d so
that the ¢riginal entry remains legible and an explanation of the change is included. For manual data collection, the test
observatfions shall be entered-on/prepared forms that constitute original data sheets authenticated by the obseryers’
signatures.

For aufomatic data colléction, printed output or electronic files shall be authenticated by the test coordinator and dther
representatives of thé parties to the test. The parties to the test shall agree in advance to the method used for authen-
ticating, feproducinig;’and distributing the data. Electronic data relevant to the test, including data that indirectly affect
test results, shalkbe’'made available or distributed to each of the parties to the test. The data shall be in a format tHat is
easily accessible.

ta Records and the Test Log

3-2.4

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 that must have their parameters measured
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 streams within the boundary
need notbe determined unless they verify operating conditions or unless they relate functionally to conditions outside the
boundary. In contrast, at unsteady-state conditions that involve energy accumulation or depletion, energy streams within
the boundary need to be determined and accounted for.

12
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Figure 3-2.4-1 Sample Solar Field Test Boundary
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GENHRAL NOTE: Solid lines indicate energy or HTF crossing the testboundary, which have to be measured to calculate the results ofa

perfo

measjured to calculate test results.

T

e methods and procedures of this Code have been developed to provideflexibility in defining the test boun

SP system

rmance test. Dashed lines indicate energy or HTF streams that may be required for an energy and\fass balance but may notfhave to be

lary for a

test ind in choosing measurementlocations. For example, the parties togthétest may want to include the steam ggneration
system within the test boundary or exclude the steam generationsystem from the test boundary dependirlg on the
techphology, impact on overall test uncertainty, or on the test géals:

T
stre

3
shou

Cod

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

meapurements or determinations are required/for the following:

(a) Solar Energy Input

(1) DNI
(2) date and time

() 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 physieal properties of HTF (e.g., density, heat capacity) unless parties agree to use correlation

datal in place of medstrements on unique samples from the system being tested

test

boundary

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

for fhe_t€st.
3-L.2l.2 Other Measurements. The following additional measurements sinould be made where appropriate:

(a) Ambient Conditions

(1) air transmittance (if applicable and agreed to by the parties to the test)?
(2) dry bulb temperature

(3) wind speed and direction

(4) humidity

(5) barometric pressure

(b) Solar Field Metrics

2 Air and glass transmittance may be primary dependent on technology, project requirements, or party discretion.

13

e specific test boundary for a particular test shall be established by the parties to the test. Some or all of thje typical

2.4.1 Required Measurements. Test measurementpoints depend on the goal of the test. Test measuremept points
ld be located to best measure stream parameters-as they cross the test boundary. Some flexibility is requirgd by this
 in defining the test boundary, since it is somewhat dependent on the particular CSP system design. In general,

b Or prior

(3) heat added by sources other than solar (e.g., fuel-fired heat source, auxiliary equipment), to be determined by

required
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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 of measurement uncertainty for energy streams where
they cross the test boundary. The actual measurement may be made at a point different than the test boundary, either
inside or outside, if a better measuringlocation is available and if the conditions of the energy stream at the metering point

are equiyalent to or can be accurately corrected to the conditions at the test boundary

Instrumentation shall be located to minimize the effect of ambient conditions, e.g., temperature or temperaturéy

hria-

tions, on uncertainty. Care shall be used in routing lead wires to the data collection equipment to prevent electrieal noise in

the signgl. Manual instruments shall be located so that they can be read precisely and easily by the observeén. All in
ments shall be marked uniquely and unmistakably for identification. Calibration tables, charts, or mathematical rela

tru-
ion-

ships shdll be readily available to all parties to the test. Observers recording data shall be instructed on-thedesired dejgree

of precigion of readings.

3-3 TEST PLAN

Beforgconducting a Code test, the test coordinator shall prepare a detailed test plan documenting all issues affectin

b the

conduct pfthe testand providing detailed procedures for performing the test. The test plan should include the schedyle of
test actiyities, designation and description of responsibilities of the test team, test,procedures, and report of reqults.

3-3.1 S¢hedule of Test Activities

The tept coordinator should prepare a test schedule including the sequence of events and anticipated time of the
notificatjon of the parties to the test, test plan preparations, test preparation and conduct, and preparation of the repd
results.

3-3.2 Tpst Team

The tept plan shall identify the test team organization that'will be responsible for the planning, preparation, con
analysis,|and reporting of the test in accordance with this Code. The test team should include test personnel neede
data acquisition, sampling, and analysis; operations\personnel and other personnel needed to support the test preg
tions andl implementation; and outside laboratery-and other services.

The tept coordinator is responsible for establishing a communication plan for all test personnel and all test parties
test coordinator shall also ensure that complete written records of all test activities are prepared and maintained
coordindte the setting of required operating conditions with the plant operations staff.

3-3.3 Tpst Procedures

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

(a) object of test

(b) operating stratégy; including startup conditions

(c) test acceptanee.criteria for test completion

test,
rtof

Huct,
 for
ara-

The
and

ould

(f) opgrating, performance, and environmental requirements

(g9) compietepretestuncertaintyamatysis—with—systematicand-randomuncertainties-estinmated

(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,
frequency and method of recording

(k) sample, collection, handling, and analysis method and frequency for HTF and fuel (if applicable)

(1) allowable range for DNI and weather conditions

(m) identification of testing laboratories to be used for HTF and fuel (if applicable) analysis

and

(n) required operating disposition or accounting for all internal thermal energy and auxiliary power consumers having

a material effect on test results

14
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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

allowable range of HTF and fuel conditions (if applicable), including constituents and heating value

identification of the performance model and instructions for its use, including provisions for data\inputs, param-

eter$, and exclusions
(da) sample calculations or detailed procedures specifying test run data reduction and calculation of tegt results
(hp) method for combining test runs to calculate the final test results
(ck) requirements for data storage, document retention, and test report distribution
(dd) test report format, contents, inclusions, and index

3-4| TEST PREPARATIONS

Alll parties to the test shall be given timely notification, as defined by prior agreement, to allow them the neces$ary time
to r¢spond and to prepare personnel, equipment, and documentation. Updated information should be provided as it
becdmes known.

Atestlog shall be maintained during the test to record any occurrenceaffecting the test, the time of the occurr¢nce, and
the pbserved resultant effect. This log becomes part of the permahent record of the test.

The safety of personnel and care of instrumentation and equiptrent involved in the test should be consid¢red. For
exarhple, the following should be considered:

(d) provision for safe access to test point locations

(W) availability of suitable utilities and safe work areas for personnel
(c) potential damage to instrumentation or calibration shifting because of extreme ambient conditiong such as
temperature or vibration
Decumentation shall be developed or be made available for calculated or adjusted data to provide independent veri-
ficatjon of algorithms, constants, scaling, calibration corrections, offsets, base points, and conversions.

3-4]1 Test Apparatus

Te¢stinstruments are classified ag'described in para. 4-1.2.3. Instrumentation used for data collection shall be gt least as
accurate as instrumentation identified in the pretest uncertainty analysis. This instrumentation can either be pdrmanent
CSP |system instrumentation(whenever possible or temporary test instrumentation.
Mpltiple instruments should be used as needed to reduce overall test uncertainty. The frequency of data coljection is
dep¢ndent on the particular measurement and the duration of the test. To the extent practical, at least one redding per
minfite should be cellected to minimize the random-error impact on the post-test uncertainty analysis. The use of
autdmated data-acquisition systems is recommended to facilitate acquiring sufficient data. Calibration or adequate
chedks of all instruments shall be carried out, and those records and calibration reports shall be made avajilable.

The equipfmént or conditions should not be altered or adjusted in such a way that regulations, contracts, safety} or other
stipfllatiofisidre 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. An} actions

takel-sh HRented—a rHRediate ported—to—allparties—to-the-tes

3-4.2 Data Collection

Data shall be taken by automatic data-collecting equipment whenever possible. Manual data collection shall be made by
asufficient number of competent observers. Automatic data logging and advanced instrument systems shall 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
performance model to evaluate test results. This performance model provides a prediction of output based on algorithms
approximating actual plant parameters, geometries, and processes. 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 the model, but at minimum,
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 s
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shall be
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not poss
test, unl

3-46 P
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methods
should ¢
carried t
prelimin

remtnalyasree o the modeldts-output parameters-theweatherdatasetthe physieal propertycorrels
l other plant parameters (see para. 3-2.4.1).

les of the performance model that could be used for this evaluation include

b model that was used to develop the base case energy production estimates

e model that was used to develop the power or energy guarantees of the project

e model identified in the construction or equipment supply contract(s)

rformance model shall be a weather-adjusted model, where actual ambient conditions af'e uSed as the inp

h the test, specific model parameters can be modified to reflect actual equipment ¢x’component performd

ure at solar field inlet, initial level of storage system (if applicable)]. For exampleymirror reflectance value
ssumptions in the performance model, or alternatively measured values could be introduced using meas
the solar field at representative locations and frequencies.

est Personnel

ersonnel are required in sufficient number and expertise to support the execution of the test. Operations
hall be familiar with the test procedure operating requirements in order to operate the equipment accordi
. 3-3.2).

quipment Inspection and Cleanliness

P system should be checked to ensure that required equipment and subsystems are installed and operati

luring the test is fixed, this shall be defiged and fixed in advance of the test.
may agree to take reflectance, absorptarce, and transmittance measurements on a representative samp
5 or receivers prior to, during, or after the test to determine cleanliness. The number of measurements perfor
ufficient on a statistical basis sueh that the uncertainty resulting from location and other error sources is
uncertainty associated with the measurement device. If sufficient measurements to meet this requiremen
ble, the design cleanliness should be used for all reflectance and transmittance calculations associated with
bss otherwise agreed to. by the parties to the test.

reliminary Testing

inary test runssérve to determine whether equipment is in suitable condition to test, to check instruments
of measurenient, to check adequacy of organization and procedures, and to train personnel. All parties to the
bnduct réasonable preliminary test runs as necessary. Observations during preliminary test runs shoul
hrough to the calculation of results as an overall check of procedure, layout, and organization. Some reasons
hry ‘rin are

L1t to

rmance model for comparison to the actual performance of the project. Upon mutual‘agreement between the

nce.

hditions of plant variables of the performance model shall be defined or taken inte consideration [e.g., HTF initial

can
ure-

per-
ngly

g in

ce with their design parameters and that the €SP system is ready to test. If the amount of reflective area §o be

le of
med
less
L are
this

and
test
d be
for a

determine whether the CSP _system equipment is in suitable condition to conduct the test

(a) to

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

discover necessary adjustments that were not evident during the preparation of the test
check the operation of all instruments, controls, and data acquisition systems

ensure that the estimated uncertainty as determined by the pretest analysis is reasonable
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) toensure thatprocess boundary inputs and outputs are not constrained, other than by those constraints identified

in the te
(h) to
(i) to

st requirements
familiarize test personnel with their assignments
retrieve enough data to fine tune the control system if necessary
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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.

F(
miti
3
testi
(a
(b
(¢
(d
(e
3
com|
met,

3-5,

Al
acco
a mg
plan|
Exar
recoj

If
reqy

3-
the {

maiintain the load during the test. If a specified disposition is required (e.g., fixed active area), the control syste

maif

3-
crite
(a
the 1
exp4
(b

thes

1 Starting and Stopping Tests and Test Runs

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

5.1.1 Starting Criteria. Prior to starting each performance test, the operation, configurationyand'stability ci
ng shall be in accordance with the agreed upon test requirements, including
ambient conditions (e.g.,, DNI, wind, temperature)

process parameters, equipment operation, and method of control

unit configuration

valve lineup

data acquisition system(s) functioning and test personnel in place and ¥eady to collect samples or reg

5.1.2 Stopping Criteria. Tests are normally stopped when the test codrdinator is satisfied that requiremd
plete test run have been satisfied. The test coordinator may extend.or terminate the test if the requirement
Data logging should be checked to ensure completeness and quality.

2 Methods of Operation During Tests

| equipment necessary for normal and sustained operation.at the test conditions must be operated during t
unted for in the corrections. Intermittent operation of. éguipment within the test boundary should be accoun
Inner agreeable to all parties (e.g., reflectors that aré’not used at peak DNI). Parties should recognize the
t operating configuration for an STPT versus an MDPT, and account appropriately for the potential impacts t
hples of operating equipment to consider include HTF handling equipment, water treatment equipment
very system, environmental control equipment, and blowdown equipment.

parties agree, part of the MDPT may alSo,be used for the STPT, provided the part adopted from the MDPT 1
irements of the STPT.

est. If a specified corrected (0r,measured load is desired, the CSP system’s control system should be conf

itain the disposition and ot make changes to the parameters, which should be fixed.

ria:
) DNI shall be greater than 80% of the average peak hourly W/m? (considering location, date, and time) exp
nonth of thietest for the duration of the test period. The parties to the test shall agree on the appropriate s
cted DNRdata (TMY, other data set, etc.).

Mass.flow, inlet temperature, and outlet temperature should remain stable during the test. Range and stg
e parameters shall be as agreed upon by the parties.

order to

iteria for

ord data

nts for a
s are not

he test or
ted forin
different
the test.
the HTF

heets the

5.2.1 Operating Mode. The operating mode of the CSP system during the test should be consistent with the goal of

gured to
m should

5.2.2 Short-Term Test. For the duration of the STPT, the CSP plant shall be operated in accordance with the following

ected for
burce for

bility for

(cJ 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 500 W/m? A value other than 500 W/m? may be agreed
upon by the parties to the test.
(b) During daylight operating hours, wind speeds and wind gusts are less than the solar field’s design wind protection
speed (orlower as agreed between the parties). Wind speeds and gusts that cause areduction in performance according to
the performance model are allowed as long as defocusing of solar collectors is not required. Parties may 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

continuo

usly above 500 W/m?.

(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.

Partie

3-5.2.
checklist]
(a) M
operatio
before a
(b) Ay
but may
secured.

To the extent possible in the plant control system, these valve positions should be continuously monitored during the

(c) Te
test. The
test. For
steam p1

No valyes that are normally open should be closed for the sole purpose.ef changing the maximum performance o

plant.

The vallves on the test valve isolation part of the checklist should bé<losed prior to the preliminary test. The valves

need to
Effort
be elimif
The p
spectrun

3-5.2.
and mai
procedu
operate
developd

(a) el

(b) ng

The ch
energy d

Aswit
consump
manner {
intermitt

3-5.2.

to the test shall agree upon accounting methods for any excluded days.

i Valve Lineup. A valve lineup checklist shall be developed to identify the goals of the test. The size/of
will vary between various CSP technologies. The checklist should be divided into the following three/catego
inual Valve Isolation. This part of the checklist is a list of all manual valves that should be closed during no
nand that affect the accuracy or results of the testif they are not secured. These valve positions should be che
nd after the test.

tomatic Valve Isolation. This part of the checklist is a list of valves that should be closed during normal opers3
bccasionally cycle open. As in (a), these are the valves that affect the accuracy or resultsof the testif they ar
These valve positions should be checked prior to the preliminary test and monitofed during subsequent tes

Kt Valve Isolation. This part of the checklist is a list of those valves that should be closed during the perform
be valves should be limited to those that must be closed to accurately measure the plant performance durin
bxample, the steam generator blowdown may need to be closed duringall'or part of the test to accurately mea
oduction. The blowdown valve position should be addressed in¢the’test plan.

be opened between test runs.

chould be made to eliminate leaks through valves thatare required to be closed during the test. If any leaks
nated, the magnitude of valve leakage should be determined.

rties to the test should agree to methods to quantify leakages. Some nonintrusive methods are frequ
W analysis, Doppler effect analysis, and transient analysis, which can be used for flow detection through va

5 Equipment Operation. CSP system equipment required for normal CSP system operation shall be oper
itained as defined by the respective equipment suppliers’ instructions and official operations and mainten|
es. Equipment that is necessary_for, plant operation or that would normally be required for the CSP syste

d. The checklist should be diyided into the following two parts:
bctrical auxiliaries

nelectric internal enetgy consumers

ecklist shall includé\a)tabulation of the required operating disposition of all electric and nonelectric intg
pnsumers.
Chover to redundant equipment, such as a standby pump, is permissible. Intermittent nonelectric internal en|
tion and electrical auxiliary loads, such as prorating or proportioning, shall be accounted for in an equit
nd applied.to the power consumption of a complete equipment operating cycle over the test period. Exampl
ent l6ads include blowdown, water treatment, and heat tracing.

this
ries:
rmal
rked
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ting.
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hnce
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Can’t
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lves.
ted

hnce
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chall be operating or accountéd, for in determining auxiliary power loads. An equipment checklist shall be

rnal

ergy
able

es of

5 Proximity to Design Conditions. During the STPT, the CSP system should be operated as closely as possih

le to

the reference performance conditions and within the allowable design range of the operating parameters and equipment.

Permitte

3-53 A

d deviations from reference performance conditions shall be agreed upon between the parties.

djustments 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 possible without data loss or with 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 Permissible Adjustments During Test Runs. Permissible adjustments during capacity tests are thasefrequired
to c¢rrect malfunctioning controls, maintain equipment in safe operation, or maintain plant stability. Switching from
automatic to manual control and adjusting operating limits or set points of instruments or equipment shotld b¢ avoided
duriphg a test.

3-5.3.3 Impermissible Adjustments. Any adjustments that would result in equipment beitng)joperated befyond the
manjufacturer’s operating, design, or safety limits or other specified operating limits are notjpermitted. Adjustfnents or
recalibrations that would adversely affect the stability of a primary measurement during a test are also not permitted.

3-5.4.1 Duration of Test Runs. The duration of a test run shall be long enough that the data reflect thg average
efficjency and performance of the plant. The duration of a test run includes consideration for deviations in the mdasurable
pargmeters due to controls and typical concentrating solar system operating characteristics. The recommended test
durdtions are provided in para. 3-2.1.

The test coordinator may determine ifalonger test period is required, The recommended times shown in para.|3-2.1 are
gengrally based on continuous data acquisition. Depending on the pérsonnel available and the method of data acquisition,
it miy be necessary to increase the length of a test in order to obtain sufficient samples of the measured paraLeters to
attain the required test uncertainty.

345.4.2 Number of Test Runs. Multiple runs are not required, but they offer several advantages. Conducting mpore than
one [run will

(a) provide a valid method of rejecting bad testruns.

(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
(tes§ variations) or the actual performance/of the equipment being tested (process variations).

After completion of the first test run thatmeets the criteria for an acceptable test run (which may be the preliminary test
run)}, the data should be consolidated;and preliminary results calculated and examined, to ensure that the rgsults are
reaspnable.

345.4.3 Evaluation of Test Runs. When comparing results from two test runs (X; and X;) and their unfertainty
intefvals, the three cases-illustrated in Figure 3-5.4.3-1 should be considered.
(a) Casel.Aproblem'clearly exists when there is no overlap between uncertainty intervals. Either uncertaintyfintervals
hav¢ been grossly ufidérestimated, an error exists in the measurements, or the true value is not constant. Investigation to

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.

Should arun or setof runs fall under Case I or Case III, the results from all of the runs should be reviewed in an attempt to
explain the reason for excessive variation. If the reason for the variation cannotbe determined, then either the uncertainty
band needs to be increased to encompass the runs to make them repeatable, or more runs need to be conducted so that the
random component of uncertainty may 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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Figure 3-5.4.3-1 Three Post-Test Cases

Casell Caselll Case lll
No Overlap Complete Overlap Partial Overlap

3-5.4.4 Number of Readings. Sufficient readings shall be taken within theest"duration to yield total uncerta
Ideally, aft least one set of data per minute should be recorded for all nonintegrated measurements of primary paramsg
and varipbles. There are no specific requirements for the number of integrated readings or for measuremen
secondafy parameters and variables for each test run.

3-6 CALCULATION AND REPORTING OF RESULTS

The dqta taken during the test should be reviewed and rejectédiin part or in whole if they are not in compliance wit
requirenpents for the constancy of test conditions.

Each Qode testshallinclude pretestand post-test uncertainty analyses, and the results of these analyses shall fall w
Code requirements for the type of concentrating solarsystem being tested.

3-6.1 Cpuses for Rejection of Readings

Upon dompletion of the test or during thetestitself, the test data shall be reviewed to determine if data from certain
periods ghould be rejected prior to the calculation of test results. Refer to ASME PTC 19.1 for data rejection criteria. A
log shall|be kept.

Should serious inconsistencies /that affect the results be detected during a test run or during the calculation o

or at the end of the run. A rGinythat has been invalidated shall be repeated, if necessary, to attain the test objec

An outlier analysis of spurious data should also be performed in accordance with ASME PTC 19.1 on all pri
measurements after thedtest has ended. This analysis will highlight any other time periods that should be reje
prior to [calculating the/test results.

results, the run shall be invalidated-completely, or it may be invalidated only in part if the affected partis at the begini{:lng

3-6.2.
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3-6.2 Tcertainty

General. Test uncertainty and test tolerance are not interchangeable terms. This Code does not addres{

Jai-alai. i . 1 &
toleranC\;, VVIITCIT IS—a COITtr actudr CCT I

Proceduresrelating to test uncertainty are based on concepts and methods described in ASME PTC 19.1. ASME PTC

19.1

specifies procedures for evaluating measurement 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) Section 7 and Nonmandatory Appendix B provide applicable guidance for determining pretest and post-test uncer-

tainty analysis results.
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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
where measurements should be made and the number and quality of test instruments required for compliance with Code
or contract specifications. The pretest uncertainty analysis shall include an analysis of random uncertainties 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

roveal the actual nlna]ify of the test to determine whether the prnfncf nnr‘art‘ainfy calculation-has been

realized.

3-6

C
repd
prel

3 Data Distribution and Test Report

pies of all data will be distributed by the test coordinator to those requiring it at the conclusion of‘the te
rt shall be written in accordance with Section 6 and distributed by the test coordinator to allpafties to t
minary report incorporating calculations and results may be required before the final test report is sy

st. A test
he test. A
bmitted.
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Section 4
Instruments and Methods of Measurement

4-1 GElIERAL REQUIREMENTS

4-1.1 Introduction

This S¢ction presents the mandatory provisions for instrumentation utilized in the implementation-of an ASME PT|
test. Per the philosophy of ASME Performance Test Codes (ASME PTC 1) and subsection 1-3 hereix, it-does so in co}
eration ¢f the minimum reasonably achievable uncertainty. The Instruments and Apparatus Supplements to A
Performance Test Codes (ASME PTC 19 series) outline the details concerning instrumentation and the governin
quiremehts of instrumentation for all ASME Code performance testing. The user of this Code shall be intimately fan
with ASME PTC 19.1, 19.2, 19.3, 19.5, and 19.22 as applicable to the instrumentation Specified and explained in
Section. In light of the unique requirements of testing solar thermal power plants, the.user of this Code should be fan
with other ASME publications regarding standards of instrumentation and metering equipment that are not cover
the ASME PTC 19 series.

This S¢ction refers to but does not repeat portions of those supplements thatdirectly apply to the requirements o
Code. Hgwever, this Section contains details of the instrumentation requirements of this Code that are not specifi
addressqd in the referenced supplements. Such details include classification of measurements for the purpose d
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strumentation selection and maintenance, calibration and verificatiof’requirements, electrical metering, and other ipfor-

mation gpecific to an ASME PTC 52 test.

Wherd reference to the ASME PTC 19 series is made, if the ifistrumentation requirements in the series become 1
rigorous|as they are updated due to advances in the state of the art, ASME PTC 19 requirements will supersede thos
forth in this Code.

4-1.2 Criteria for Selection of Instrumentation

4-1.2.]1 Measurement Designation. Measurenients may be designated as either a parameter or a variable. The t¢
“parameter” and “variable” are sometimesyused interchangeably in the industry, and in some other ASME Codes.
Code disftinguishes between the two.

A parameter is a direct measurementof a physical quantity at a specific location. The parameter is determined b
measurement from a single instrument or the average of measurements from several similar instruments. In the 1
case, several instruments may bé\used to determine a parameter that has potential to display spatial gradient qua
(e.g., ambient air temperaturé):Similarly, multiple instruments may be used to determine a parameter simply for re
dancy tofreduce test uncertainty. For example, a test may include two temperature measurements of the fluid in a pi
the sameplane where the'temperature gradient is expected to be insignificant. Typical parameters measured in an A
PTC 52 fest are temperature, pressure, and DNI.

Avarigble is an'indirect measurement whose value is determined from an algebraic equation using directly meas
parametgrs. The performance equations in Section 5 contain the variables used to calculate the performance res
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including heattransfer fluid (HTF) mass flow rate and HTF enthalpy. Each variable can be thought of as an intermetIliate

result ndedéd 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
that must be met 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 the measured parameter to the overall result must be considered. Key measurements such
as DNIand HTF flow have very high sensitivities, while ambient temperature and relative humidity have low sensitivities.
This Code takes into account sensitivities when recommending instrumentation and accuracy class for the different
meafured parameters.

The instrumentation employed to measure a parameter will have different required type, accuracy, redundancy, and
handlling depending on the use of the measured parameter and depending on how the measured parameter affects the
perfprmance result. This Code does not require that high-accuracy instrumentation be used to determine s¢condary
pargmeters. The instruments that measure secondary parameters may be permanently installed plant instrumgentation.
This| Code does require verification of instrumentation output prior to the test period. Instrumentation outpyit can be
verified by calibration or by comparison against two or more independent measurements of the parameters referenced to
the Jame location. The instruments should have redundant or other independent instrumentsithat can verify thelintegrity
durihg the test period.
is Code makes requirements for instrumentation based on the general types of téststhat the Code can be used for. For
any ppecific test situation, the user of the Code may find that overall test measurement uncertainty can be refluced by
ing a more stringent criteria for accuracy on a specific measurement thanis'required in this Code. In such fases the
userjmay choose to use amore accurate instrument or more robust calibration in order to reduce uncertainty. This shows

441.2.3 Test Boundary Implications on Selection of Instrumentation. The boundary of an ASME PTC 52 ftest is to
determine the thermal energy generated from solar thermal systems-For some types of applications, that thermpl energy
tranpfer is from an HTF (such as heat transfer oil or molten salt that is necessary for the system to operate) to ayworking
(such as water or steam) system across a set of heat exchangers. Measuring primary parameters on the|water or
side of the system has advantages over measuring process parameters on the HTF side of the system. In the former
case} the ASME PTC 19 series of standards may be used‘to reduce overall measurement uncertainty. For examjple, flows
meapured in accordance with ASME PTC 19.5 have the advantage of known meter standards and acceptable meaqurement
uncgrtainty boundaries for PTC applications. Flow measurement for HTF, however, can present significant challenges to
achipving accurate, repeatable results. The HTEs themselves may not be conducive to the use of differential presqure-type
deviges, or the piping may be of such large diameter that use of differential pressure devices is infeasible. It is refcognized
thatjthere can be a difference in measurément uncertainty between meters that are designed in accordance wjth ASME
PTC|19.5 and meters that, out of necessity, must be of some other type in order to accommodate the requiremefts of the
spedific flow application.

The selection of which process-streams to measure and where those measurements are located should be cpnsistent
withthe overall test objectiveland the location of the test boundary. If the boundary is defined so that it is possibje to take
meapurements on the water-er steam side instead of the HTF side, and it is anticipated that measurements on the|HTF side
will fesult in higher measurement uncertainty, then it is recommended that measurements be made for water|or steam
flow] Measurements§ away from the HTF side may necessarily introduce the need to account for losses across a st of heat
exchangers. Nevértheless, depending on the specific conditions, this approach may result in significantly leds overall
meapurement incertainty. In acceptance test planning and boundary definition at the contract stage, the types pf instru-
menjts that ‘¢can’be used at different process points and the impact on instrumentation and measurement unfertainty
shoyld be-considered.

4-1.3"instrument Catibration 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 a measuring instrument or measuring system and the corresponding reference
standard or known values derived from the reference standard. Calibration permits the estimation of errors of indication
in the measuring instrument, measuring system, or the assignment of values to marks on arbitrary scales. The result of a
calibration is sometimes expressed as a calibration factor, or as a series of calibration factors in 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 be monitored 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-
tions are performed under very controlled conditions with highly specialized measuring and test equipment that has been
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 established polic guirements,andobjectives of alaboratory’s quality-assurance program-Considerationshall be
given to pnsuring proper space, lighting, and environmental conditions such as temperature, humidity, ventilation) and
low noise and vibration levels. Laboratory calibration applications shall be employed on instrumentationcwherg the

and whilk on-site. The response of the reference standards to environmental changes or®©ther relevant parameters ghall
be knowh and documented. Field calibration measurement and test equipment requires’calibration by approved soyrces
that remain traceable to NIST, a recognized international standard organization;'or a recognized natural, phypical
(intrinsi¢) constant through unbroken comparisons having defined uncertainties. Field calibrations’ achievable urjcer-
tainties dan normally be expected to be larger than laboratory calibrations’ due to aspects such as the environment aft the
place of [calibration and other possible adverse effects such as those caused by the transportation of the calibrgtion
equipment. Field calibration applications are commonly used on instrunientation measuring secondary parameters{that
are ident

suspected to have drifted or that does not have redundancy.

4-1.3.2 Definition of Verification. Verification is a set 0f-0perations which establishes evidence by calibratign or
inspectipn that specified plant requirements have/been met. It provides a way to check that the deviatjons
between| values indicated by a measuring instrument and corresponding known values are consistently smhaller
than the [limits of the permissible error defined in.4 standard, regulation, or specification particular to the management
of the m¢asuring device. The result of the verification leads to a decision to restore to service, perform adjustments to,
repair, dpowngrade, or declare obsolete the instrumentation being verified.

Verifidation techniques include field calibrations, nondestructive inspections, intercomparison of redundant in$tru-
ments, check of transmitter zeros, and energy stream accounting practices. Nondestructive inspections include, buf are
notlimitgd to, atmospheric pressure observations on absolute pressure transmitters, field checks including visual indpec-
tion, and| no-load readings on pewer meters. Intercomparisons include, but are not limited to, water or electronic path
checks oh temperature-measurement devices and reconciliations on redundant instruments. Energy stream accounting
practiceq include, but are notlimited to, mass, heat, and energy balance computations. The applicable field verificgtion
requirenpents shall be judged based on the unique requirements of each setup. As appropriate, manufacturer’s re¢om-
mendatipns and the Instruments and Apparatus Supplements to ASME Performance Test Codes should be referencef for
further fjeld verification techniques.

Reference Standards. Reference standards include all measuring and test equipment and reference materials
that hav¢ a-direct bearing on the traceability and accuracy of calibrations. Reference standards shall be routinely/|cali-
brated in-a‘manner-that-providestraceability to- NIST o recognized-international-standard-organization—or-defined,
natural, physical (intrinsic) constants, and they shall have accuracy, stability, range, and resolution for the intended
use. They shall be maintained for proper calibration, handling, and usage in strict compliance with a calibration laboratory
quality program. When it is necessary to use reference standards for field calibrations, adequate measures shall be taken
to ensure that the necessary calibration status is maintained during transportation to the location of a test and while 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.

24


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

ASME PTC 52-2020

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 than 25% 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
withivalues assigned or accepted by NIST. Instrumentation used to measure secondary parameters need not be chlibrated
agaihst a reference standard. These instruments may be calibrated against a calibrated instrument.

441.3.4 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 measufements.
As it is often not practical or possible to perform calibrations under replicated environmental conditions, aflditional
elenjental error sources shall be identified and estimated. Error source considerations shallbe given to all prqcess and
ambjient conditions that may affect the measurementsystem, including temperature, pressufe, humidity, electronagnetic
inteyference, radiation, etc. Since some types of ASME PTC 52 tests may have a duration of#eeks or months, the potential
range of ambient conditions is large and should be accounted for in the estimatedterror.

441.3.5 Instrument Ranges and Calibration Points. The number of calibratign points depends on the classif]cation of
the parameter the instrument will measure. The classifications are discussed in/para. 4-1.2.2. The calibration shquld have
poinjts that bracket the expected measurement range. In some cases of flow measurement, it may be necessdry to ex-
trapplate a calibration.

4-1.3.5.1 Primary Parameters

(a) High-Sensitivity Instruments. The instruments for measuring those primary parameters and variables|with the
highlest sensitivity to the test results (e.g., DNI, steam and HTF flow, enthalpy) should be laboratory calibrhted at a
minimum of two points more than the order of the calibratiorn curve fit. This should be the case whether it is rlecessary
ply the calibration data to the measured data, or if¢the instrument is of the quality that the deviation betjveen the
labofatory calibration and the instrument reading is-negligible in terms of affecting the test result. Flow metdring that

E4ch instrument should also be calibrated suclithat the measuring pointis approached in an increasing and d¢creasing
er. This exercise minimizes any possibility of hysteresis effects. Some instruments are built with a mechanism to
alte the instrument’s range once the instrument is installed. In this case, the instrument shall be calibrated at edch range

will [require extrapolatién)in that direction.

If p device demonstrateés that it meets the uncertainty requirements set forth in this Code without being calibyated, the
devife is not requitred by this Code to be calibrated.

(h) All OtherInstruments. All other instruments should be calibrated at a minimum of the number of points eqpial to the
orddr of the €alibration curve fit. If the instrument can be shown to typically have a hysteresis of less than thefrequired
accuracy, the' measuring point need only be approached from one direction (either increasing or decreasing to the point).

4-1.3.5.2 Secondary Parameters. The instruments measuring secondary parameters should undergo field verifica-
tionsas described 1n para. 4-1.3.Z, and 1f calibrated, need only be calibrated at one point In the expected operating range.

4-1.3.6 Timing of Calibration. Because of the variance in different types of instrumentation and their care, no mandate
is made regarding the time interval between the initial laboratory calibration and the test period. Treatment of the device
is much more important than the elapsed time since calibration. An instrument may be calibrated one day and mishandled
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 it may, in many 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 testinstrumentation for measurement of those primary parameters and variables with the highest sensitivity to the
testresults (e.g., DNI, steam and HTF flow, enthalpy) shall be laboratory calibrated prior to the test and shall meet 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
redundancy or for which data are questionable. For the purposes of redundancy, plantinstrumentation may be used in the
field verffication. If results indicate unacceptable drift or damage, then further investigation is required. Flow elefnent
devices theeting the requirements set forth by this Code to measure primary parameters and variables need notundergo
inspectign following the test if the devices have not experienced conditions that would violate their integrity. fuch
conditiops include steam blows and chemical cleaning.

In all |nstances, the manufacturer’s recommendations for timing of calibration should be followed.

4.1.3.7 Calibration Drift. Calibration driftis defined as a shift in the calibration characteristics. When field verificdtion
indicateq the drift is less than the instrument accuracy, the drift is considered acceptable and the pretest calibratipn is
used as the basis for determining the test results. Occasionally, the instrument calibration driftis unacceptable. Should the
calibrati¢n drift, combined with the reference standard accuracy as the square root of the.Sum of the squares, exceedl the
required| accuracy of the instrument, it is unacceptable.

Calibration drift can result from instrument malfunction, transportation, installation, or removal of the test intru-
mentatiqn. When a field verification indicates drift that does not meet the uncertainty requirements of the test, fufther
investigdtion is required.

A postjtest laboratory calibration may be required, and engineering judginent shall be used to determine whethef the
initial orfrecalibration is correct. This is done by evaluating the field verifications. The following are some recommended
field verjfication practices that lead to the application of good engineering judgment:

(a) When instrumentation is transported to the test site betweefr’the calibration and the test period, a single-goint
check prjor to and following the test period can isolate when the drift may have occurred. Examples of this check would be
verifying the zero-pressure point on the vented pressure transmiitters, the zero-load point on the wattmeters, or the ice
point on|the temperature instrument.

(b) In|locations where redundant instrumentation issemployed, calibration drift should be analyzed to detergnine
which Calibration data (the initial data or recalibration data) produce better agreement between redundant instrumgnts.

4-1.3.8 Loop Calibration. All analog instrumentsused to measure primary parameters should be loop calibrated. Loop
calibrati¢n involves calibrating the instrument through the signal-conditioning equipment. This may be accomplishqd by
calibratipg instrumentation using the test'sighal-conditioning equipment either in a laboratory or on-site during test
setup before the instrument is connegted+to process. Alternatively, the signal-conditioning device may be calibrated
separate]y from the instrument by applying a known signal to each channel using a precision signal generator.

Wherd loop calibration is not pxactical, an uncertainty analysis shall be performed to ensure that the combined upcer-
tainty of|the measurement system meets the uncertainty requirements described herein.

Instrumentation with digitalloutput needs be calibrated only through to the digital signal output. There is no fugther
downstrgam signal-conditioning equipment as the conversion of the units of measure of the measured parameter has
already been performed:

4-1.3.9 Quality Assurance Program. Each calibration laboratory shall have a quality assurance program in place.[This
program| is a method of documentation that includes the following information:

(a) calibration procedures

(b) cajibration 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 for measuring 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 flow measurement, all instrument measurements (process pressure, temperature, differential pressure,
or pulses from metering device) shall be made available.

R¢dundant instruments are two or more devices measuring the same parameter with respect to the same|location.
Whdre experience in the use of a particular model or type of instrument dictates that calibration drift canbe inacfeptable,
and [no other device is available, redundancy is recommended. Redundant instruments should be used’to mdasure all
prinjary parameters. Exceptions are redundant flow elements and redundant electrical metering deyvices, becjuse they
would result in a large increase in costs.

Other independent instruments in separate locations can also monitor instrument integrity. A sample case wpuld be a
congtant enthalpy process where pressure and temperature in a steam or HTF line at one point verify the pregsure and
temperature of another location in the line by comparing enthalpies.

4-2(SOLAR DIRECT NORMAL IRRADIANCE MEASUREMENT

4-211 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 fneasure-
menjt is analogous in its significance to the measurement of fuel input in traditional thermal cycles, as it meagures the
prinjary source of energy entering the test boundary for purposes of producing usable work, energy, or both. Therefore,
DNI|jmeasurement 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 ¢f instru-
menjts in the covered test area, and the maintenance of iistruments prior to and during the test period are all ¢ritical to

(a) overall uncertainty of DNI measurementfor the area of the solar field being defined as the test boundary in} order to

() the number of instruments that must be used, and the location of these instruments, to obtain a satisfactpry set of

Fqr a given performancetestiapplication for initial acceptance of a facility, it is possible that instrumentatiop for DNI
meapurement has been inplace for a period of months or years prior to the time that the test is conducted. Thes¢initial or
histgrical types of measurements are typically to support developmentactivities to evaluate and /or confirm the guality of
the qolar resource ifia-given location prior to major capital investment in the project. This instrumentation, prjovided it
meels the accurdcy requirement, can also be used for ASME PTC 52 testing.
Similarly, DNImeasurement will be part of normal, long-term operations 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, s part of
the dcceptance of a facility. Thus, instrumentation for DNI measurement that is part of long-term operations plahs 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, care must 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 ASME PTC 52 testing, the maximum total uncertainty for each DNI 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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Table 4-2.3-1 Contributing Factors to Overall DNI Measurement Uncertainty

Ustd Ustd Ustd Ustd
TP Si TP Si
Type A Error Source [Note (1)] [Note (2)] Type B Error Source [Note (1)] [Note (2)]
Fossilized calibration error 0.615 0.615 Fossilized calibration error 0.665 0.665
Data logger precision (+50 pV/10 mV) 0.5 0.5 Data logger precision (1.7 uV/10 mV) 0.02 0.02
[Note (3)] [Note (3)]
Si detector cosine response 0 0.5 Si detector cosine response 0 1.5
Pyrheliometer detector temperature 0.25 0.05 Detector temperature response 0.25 0.05
responsp [20°C (68°F)]
Pyrheliompter 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 0.2 0.1 Solar alignment variations (tracker or shade 0.125 0-10
band) ahd pyranometer level for Si band) and pyranometer level for Si
Pyrheliompter window spectral 0.1 1.0 Pyrheliometer window spectral 0.5 1.0
transmiftance transmittance
Optical cldanliness (blockage) 0.2 0.1 Optical cleanliness (blockage) 0:25 0.1
Electromapnetic interference and 0.005 0.005 Electromagnetic interference and 0.005 0.005
electronagnetic field electromagnetic field
TOTAL Type A [Note (4)] 0.889 1.382 TOTAL Type B [Note (4)] 0.934 1.938
GENERALNOTE: Thistableis adapted from Table 5-4 of NREL/SR-5500-57272, which in turn is adapted from Table 3-7 of NREL/TP-550-4f 465.
As noted ih NREL/SR-5500-57272, the combined uncertainty of DNI measurements can be determined from the standard uncertainties |n the
errors illugtrated in this table for each detector type by summing in quadrature. The resulting.stdndard uncertainty is 1.3% for a pyrheliofneter
option and 2.4% for an RSR option. The expanded uncertainty, representing a 95% confidence interval as described in Section 6, is 2.6% f¢r the
pyrheliompter and 4.8% for the RSR.
NOTES:

(1) A thegmopile detector (TP) is used for a pyrheliometer.

(2) Asilig
(3) Atypi

signal
(4) This i

Cleanl
properly

summed under quadrature.

4-2.3
This C

ceptable Instrumentation

on (Si) diode pyranometer detector is used for an RSR.
Fal 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
to £50 pV (0.5%) with 1.67-pV resolution (0.02%).

ness and alignment are critical, and care'should be taken to ensure DNI instrumentation is deployed and psed

de does not dictate a specific type of instrument that must be used for solar energy measurement. Rathei|, the

ime,
ture

the
ptter
Ly in

hade
deg,

foratotal f1eld of view of 5 deg The pyrhellometer shall be de51gned for continuous measurement and data collectlon The
construction of the pyrheliometer mounting shall allow for the rapid and smooth adjustment of the azimuth and elevation
angles. Automatic sun-following equipment (sun tracker) is necessary to assure a direct view of the sun. A typical sighting
device is a small spot of light or solar image that falls upon a mark 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 to measure DNI shall be designed for unattended measurement. During use, the pyrheliometer must
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 the many factors that contribute to overall measurement uncertainty of DNI
measurement and a simple comparison of the pyrheliometer and RSR types of instrument.
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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).

A minimum of three DNI instruments shall be placed at one or more locations that provide a representative reading of
the entire solar field. Chosen locations shall also be deemed to provide a representative reading of the entire solar field for

adaztacte T o led £, Backar-RNIds ]

+

mulday-teststamuttidayteststhe shorttermimpacton DNduetoclondcoverorother temporaryshadingbecomes
insignificant given the longer period of testing. For short-term tests where cloud cover of a portion of thefield can be
sign]ficantand would notbe identified because of a central location of the DNI instruments, the instrumentSmay be placed
in differentlocations within the solar field. Additional DNI measurements may also be considered at all locationsjbased on
the PDNI variation of the specific site.

In| fields where instruments are separated, data reduction methods should be agreed to by-thé parties to|the test.
Incopsistencies between instruments may be due to instrument malfunction or due to actual spatial variation off DNI, and
data] should be reduced accordingly.
4-3| PRESSURE MEASUREMENT
4-311 Introduction

This subsection presents requirements and guidance regarding the measurement of pressure. For additional guidance
and [requirements, refer to the current version of ASME PTC 19.2.

Dtie to the state of the art and general practice, it is recommended thatelectronic pressure measurement 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,
therfmal effect on sensitivity, and thermal effect on zero. Qther devices that meet the uncertainty requirements of
this|Section may be used. The accuracy class and total\uncertainty of the pressure measurement system shall
satigfy the overall test uncertainty calculated in the(pretest uncertainty analysis. Test personnel shall ponsider
effeqts including, but not limited to

(a) water leg

(h) 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 nonlineatity

(]) gauge, manometer; transducer, or transmitter type

(K) calibration

(1] tap’s locatigny '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
mea urements Six poss1ble sources of error are pressure transfer leaks, frlctlon loss, trapped fluld (e.g., gasip aliquid

S S 3 i 3335 e een legs.

All 51gnal cables should have a grounded sh1eld or twisted pairs to drain any induced currents from nearby electrical

equipment. All signal cables should be installed away from electromotive force (EMF) producing devices such as motors,
generators, electrical conduits, cable trays, and electrical service panels.

Prior to calibration, the pressure transmitter range may be altered to better match the process. 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,
or manually by the user after the raw data 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 heing measured. Refer to para. 4-1.2.2
for discuyssion on measurement classification.
Primary parameters and variables shall be determined with 0.10% accuracy class pressure transmitters orequivalent
that have an instrument systematic uncertainty of £0.30% or better of calibrated span.
Seconglary parameters and variables can be measured with any type of pressure transmitter or equivalent deice.

4-3.3 Recommended Pressure Measurement Devices

Pressyre transmitters are the recommended pressure measurement devices. There are three types of pressure tjans-
mitters dlue to application considerations.

(a) absolute pressure transmitters

(b) gajuge pressure transmitters

(c) differential pressure transmitters

4-3.3.1 Absolute Pressure Measurements. Absolute pressure measurements are pressure measurements that are
below orlabove atmospheric pressure. Absolute pressure transmitters are recommended for these measurements. Abso-
lute pregsure measurements in an ASME PTC 52 test may include bargmeétric and vacuum pressure measurements.
The bgrometric pressure measurements should always be outdoors_and away from any direct draft.

4-3.3.2 Gauge Pressure Measurements. Gauge pressure measutements are pressure measurements that are fit or
above atinospheric pressure. These measurements may be made with gauge pressure transmitters or absolute pressure
transmitters. Gauge pressure transmitters are recommendedssince they are easier to calibrate and to check in situ. Ghuge
pressurg measurements in an ASME PTC 52 test may include'HTF pressure, auxiliary fuel pressure, and thermal storage
fluid prejssure.

The p1jessure measurements should be located close to the temperature measurements when they are being us¢d 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 elenpent.
Differenfial pressure transmitters are recommended for these measurements. Differential pressure measurements Jn an
ASME PT|C 52 test may include the diffetential pressure of steam, water, HTF or auxiliary fuel through a flow element, or
pressurgloss in a pipe or duct. The differential pressure transmitter measures this pressure difference or pressure drop,
which is|used to calculate the fluid flow.

4-3.4 Pressure Instrumentation Installation

Pressyre transmitters'shall be installed in a stable location to minimize the effects associated with ambient tempera-
ture, vibration, méchanical shock, corrosive materials, and radio frequency interference (RFI). Transmitters should be
installed|in the.sante orientation as they were calibrated. If the transmitter is mounted in a position other than calibrjted,
the zero poifitmay shift by an amount equal to the liquid head caused by the varied mounting position. Impulse tubing
should bk iustalled 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 atleast 8 cm/m (1 in./ft) upward from the transmitter toward the process connection for
liquid service.

(c) Slope the impulse tubing atleast 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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Table 4-3.4-1 Impulse Line Diameters

Impulse Line Length

Transmitter Fluid Type 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. This materialisreproduced fromISO 2186-2007 with permission of the American National Standards Institute (ANSI) on

behalf of the International Organization for Standardization. All rights reserved.

In| steam service, the sensing line should extend at least two feet horizontally from the source before the dg
slopp begins. This horizontal length will allow condensation to form completely, so the downward slope will
pletely full of liquid.

The water leg is the condensed liquid in the sensing line. This liquid causes a static pressure head to devel

wnward
be com-

pp in the

sending line. This static head must be subtracted from the pressure measurement. The static head is calcylated by

multiplying the sensing line vertical height by gravity and the density of the liquid,in the sensing line.
Fgr high temperature HTF applications, care should be taken when connecting the sensing lines to the tran|
Danfage could occur to the transmitter or, in the case of molten salts, the HTF equld harden which would affect
acqyisition. In such cases, the use of an intermediate impulse sensing line of diaphragm may be necessary. In th
molgen salt application, the molten salt typically freezes at 240°C (465%F)) (freezing point may vary based on
spedific molten salt composition). Therefore, it is recommended to Heat trace the impulse tubing for the
mealsurement to avoid freezing the molten salt. Minor temperature variations in the impulse tubing c:
heat{tracing can introduce small changes of density, which introduce error in the pressure measurement. The m
of efror is relatively low in cases of absolute or gauge presSure measurement. However, the magnitude o
sign|ficantly amplified in the case of differential pressure\méasurement.

Edch pressure transmitter should be installed with.arrjsolation valve at the end of the sensing line upstreg
instfument. The instrument sensing line should be vented to clear water or steam (in steam service) before th
menltis installed. This will clear the sensing line of sédiment or debris. After the instrumentis installed, allow eng
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 m
recommended rather than a three-way manifold, because the five-way manifold mitigates the possibility of leal
the equalizing valve. The vent valve acts‘as a telltale for leakage detection past the equalizing valves.

When a differential pressure meterisinstalled on a flow element thatis located in a vertical line, the measuren
be cprrected for the difference in sensing line height and fluid head change. The exception to this rule is if t
sending line is installed against'a steam or water line inside the insulation down to where the lower sensing line p
fron} the insulation. The correction for the noninsulated case is shown in Figure 4-3.4-2.

4-4| TEMPERATURE:MEASUREMENT

4-411 Introduction

This subsSection presents requirements and guidance regarding the measurement of temperature. It also
recommeénded temperature measurement devices, calibration of temperature measurement devices, and appl
temperature measurement devices. Due to the state of the art and general practice, it is recommended that €

smitters.
the data
e case of
project-
pressure
used by
gnitude
error is

m of the
e instru-
ugh time

hnifold is
kage past

entshall
he upper
rotrudes

liscusses
cation of
lectronic

temperature measurement equipmentbe used for primary parameters and primary variables to minimize 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.
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Figure 4-3.4-1 Five-Way Manifold
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Figure 4-3.4-2 Water Leg Correction for Flow Measurement

<

d flow: Aptrue = Apmea + (pamb - pDiDE](q/qC)h

For downward flow: Aptrue = Apmeas - (pamb - ppipe)(g/gc)h

where

9
gL'

h =

Apmeas
Ap true
Pamb

P pipe

= local gravitational force per unit mass; approximately 9.81 m/s? (32.17 ft/sec?)
= gravitational dimensional constant
= 1.00 (kg-m)/(N-s%) [32.17 (Ibm-ft)/(Ibf-sec?)]

difference in water leg, m (ft)

= measured pressure difference, Pa (Ibf/ft?)

= true pressure difference, Pa (Ibf/ft?)
= fluid density at ambient conditions, kg/m? (Ibm/ft?)

= fluid density at conditions within pipe, kg/m> (Ibm/ft?)
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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) Temperature measurement of primary parameters made on the primary HTF and water 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 prlmary parameters and variables, as well as secondary parameters and variables, should be determined

h A 3% : h (+3 6°F).
Uhich are

installed
re traps.
easttwo
heasured

circimferentially.
R¢dundant instruments are two or more devices measuring the same parameter with respect to the same|location.
Redfindant 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 betyveen the
readings must be resolved if they exceed 0.56°C (1°F). Temperature differences caused by flow stratificatior} shall be
minimized by locating the temperature sensor sufficiently downstream of an elbow to allow mixing of the stratified flow
befojre the measurement point.

4-4/4 Recommended Temperature Measurement Devices

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

444.4.1 Thermocouples. Thermocouplesinay be used to measure temperature of any fluid above 93°C (20P°F). The
maxjmum 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 associdted with
therfnocouples typically derive fromthe following sources:
(a) junction connection

(h) decalibration of thermocouple wire

(c) shunt impedance

(d) galvanic action

(e) thermal shuntihg

(f] noise and leakage currents

(g) thermocouple specifications

The elementsof a thermocouple shall be electrically isolated from each other, from ground, and from condiictors on
whigh they-mmay be mounted, except at the measuring junction. When a thermocouple is mounted along a condugtor, such
nocouple
impairing
the readings. Stray currents may be further reduced by using guarded 1ntegrat1ng analog-to- d1g1ta1 (A/D) techniques. To
reduce the possibility of magnetically induced noise, the thermocouple wires 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
connection on the reference junction. These high-accuracy thermocouples shall have a reference junction at 0°C (32°F) or
an ambient reference junction that is well-insulated and calibrated. Alternatively, equipment with cold junction compen-
sation may be used in lieu of an ice bath or insulated reference junction.

Thermocouples used to measure all other temperature parameters can have junctions in the sensing wire. The junction
ofthe two sensing wires shall be maintained at the same temperature. The reference junction may be atambient 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.

4-44.1.1 Reference Junctions. The temperature of the reference junction shall be measured accurately withelther
softwaregor hardware compensation techniques. The reference junction temperature shall be held at the ice point or at the
stable temperature of an isothermal reference. When thermocouple reference junctions are immersed in an’ice bath,
consistirlg of a mixture of melting shaved ice and water," the bulb of a precision thermometer shall beimmersed af the
same levlel as the reference junctions and in contact with them. Any deviation from the ice point-shall be pronjptly
. Each reference junction shall be electrically insulated. When the isothermal-cold junction refergnce
method |s used, it shall employ an accurate temperature measurement of the reference sink. When electronifally
controlldd 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 junctien, since temperature varia-
tion, material properties, or the mismatching of wires can introduce errors. The overallieference system shall be verjified
by calibrption to have an uncertainty of less than £0.1°C (+0.2°F). Isothermal thermoéouple reference blocks furnish¢d as
part of djgital systems may be used in accordance with the Code provided the accuracy is equivalent to the electijonic
referencg junction. Commercial data acquisition systems employ a measured reféerence junction, and the accuracy of this
measurement is incorporated into the manufacturer’s specification for the device. The uncertainty of the referpnce
junction|shall be included in the uncertainty calculation of the measurement to determine if the measurerhent
meets the standards of this Code.

4-4/4.1.2 Thermocouple Signal Measurement. Many instruthénts are available to measure the output voltage| The
use of eafh of these instruments in a system to determine temperature requires they meet the uncertainty requirenjents
for the garameter.

4-4.4.p Resistance Temperature Detectors (RTDs). RTDs should only be used to measure temperatures from -2 0°C
to 850°C|(-454°F to 1,562°F). ASTM E1137-97 providesstandard specifications for industrial platinum resistance ther-
mometefs which include requirements for manufacture, pressure, vibration, and mechanical shock to improve the peffor-
mance ahd longevity of these devices.

(c) thermal shunting

(d) thprmal EMF

(e) stibility

(f) immersion

(g) installation errors

(h) lead wire resistance that is not properly compensated

RTDs #re considered more linear devices than thermocouples, but RTDs are more susceptible to calibration drift or
failure when used in vibrational applications. This means that care should be taken in the specification and applicatipn of
RTDs with cansideration for drift on the devices’ stability. Field verification techniques should be used to demonstratg the
stability |[is\Within the uncertainty requirements of para. 4-3.2.

Class 1 primary parameters shall be measured with a Grade A four-wire platinum RTD as presented 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.

1ASTM MNL 12
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Figure 4-4.4.2-1 Three- and Four-Wire RTDs

Measurement
loop

— —

(a) Four-Wire RTD

Compensation or lead
resistance loop Current and

measurement
Np

(b) Three-Wire RTD

4.4.3 TemperatureScale. The International Temperature Scale of 1990 (ITS-90) is realized and maintaine
ovide a standard scale of temperature for use by science and industry in the United States. This scale was ad
nternational Committee\of Weights and Measures at its meeting in September 1989 and it became th
national temperature seale on January 1, 1990. The ITS-90 supersedes the International Practical Tem
e of 1968 (IPTS-68)the amended edition of 1975 [IPTS-68 (75)], and the 1976 Provisional 0.5 to 30 K Tem|
e (EPT-76).

mperatures onjthe ITS-90 can be expressed in terms of international kelvins (K), represented by the symbol
s of interfiational Celsius (°C), represented by the symbol tg¢. The relation between Tgy and tyg is

f90 = T90 — 273.15

F4

I by NIST
opted by
e official
perature
perature

Tgo,0rin

hrenheit temperatures, t; (°F), are obtained from the conversion formula

9
ff = (g) tgg + 32

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 Ty,. The defining equilibrium
states and the values of temperature assigned to them are listed in NIST Technical Note 1265 and ASTM MNL 12.
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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 calibration history (three or four sets of calibration data). The calibration history should include the temperature
level the device experienced between calibrations. A device that is stable after being used atlow temperatures may not 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 be made by an
Bnalctandardc ol oot ooy reh-ac NICT The

1o oo wath-thk o do Rgtia a2kl P Sl Bkl PaPaty
acceptabte-methot-wita-the-stanaarapeg-traceapte-to-arecoghizeanatiohar-stanaarastaperatery-suerasNSt

calibrati¢n shall be conducted over the temperature range in which the instrument is used.

The cglibration 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 s¢lected based on the required calibration range and commonly consists of either a block calibtater, a fluidized
sand bath, or a circulating bath. The temperature of the calibration medium is then set to the calibration temperaturg 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 temperdture
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 pige or
vessel is pccomplished by installing a thermowell. A thermowell is a pressure-tight device that protrudes from the pipe 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 pore
extendinjg to near the tip to facilitate the immersion of a temperature measurement device.

The bdre should be sized to allow adequate clearance between thietemperature measurement device and the well| The
temperafure measurement device often becomes bent, causing difficulty in the insertion of the device.

The bdttom of the bore of the thermowell should be the same shape as the tip of the temperature measurement deice.
Tubes arld wells should be as thin as possible, consistent with safe stress and other ASME Code requirements, and the
inner digmeters of the wells should be clean, dry, and freefrom corrosion or oxide. The bore should be cleaned with high-
pressure air prior to insertion of the device.

The thermowell should be installed so that thé\tip protrudes through the boundary layer of the fluid to be measyred.
Unless lilnited by design considerations, the temperature sensor shall be immersed in the fluid at least 75 mm (3 in.) but
notless than one-quarter of the pipe diameter. If the pipe is less than 100 mm (4 in.) in diameter, the temperature sepnsor
shall be grranged axially in the pipe by inSerting it in an elbow or tee. If such fittings are not available, the piping shou}d be
modified to make this possible. The tHermowell should be located in an area where the fluid is well mixed and has minfimal
potentia] gradients. If the location(is near the discharge of a boiler, turbine, condenser, or other power plant compO‘Ient,
the thermowell should be downstream of an elbow in the pipe.

If morg than one thermowellis installed in a given pipe location, they should be installed on opposite sides of the jpipe
and not fdirectly downstream from the other thermowell.

When the temperaturé.measurement device is installed it should be spring-loaded to ensure positive thermal coptact
between|the temperature measurement device and thermowell.

For pifimary parameter measurements, this Code recommends that the portion of the thermowell or lag seqtion
protrudiphg outside the pipe or vessel be insulated, along with the measurement device itself, to minimize condugtion
losses.

4-4.6.2 Temperature Measurement of Ambient Air. The dry bulb air temperature is the static temperature measured
atthe 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. A minimum of 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-
ciated with instrumenting alarge area of a solar plant to avoid long leads before the temperature measurements reach the
data acquisition system.

4-5 FLOW MEASUREMENT

4-5.1 Introduction

emeasurementof flow also-discusses recom-
t devices, and application of flow meagurement

he 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 pdra. 4-1.2.3, flow measurement on the water or steam side may be accomplished in accordance with ASME PTC 19.5,
whefeas flow measurement on the HTF side, by necessity, may require metering of some\other type with| a larger

he need to accommodate widely varying flow rates during long-term, multiday tests complicates accufate flow
meapurement. Differential pressure meters have acceptable levels of uncertainty~for normal operating rhnge but

load|operations, which will be seen on a daily basis. Ultrasonic and vortex metérs have better turndown charafteristics
but & higher uncertainty. The selection of flow measurement instrument types’must balance these different demands.

Re¢gardless 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 charadteristics.
SucH conditions include steam blows and chemical cleanings. Whilé.the flow measurement device is stored, if shall be
capped and protected from environmental damage such as moistuté-and dirt. During operation, it is recommended thata

Ifthe fluid does not remain in a single phase while passing through the flow measurement device, or ifit has two phases
wheh entering the meter, then itis beyond the scope of this:€ode. Water should not flash into steam when passing through

ASME PTC 12.4 describes methods for measurementeftwo-phase flow in instances when alack of other methodg makes it
necgssary to measure the flow rate of a two-phase mixture. However, the high uncertainty of doing so should epcourage

Alll signal cables should have a grounded shield or twisted pairs to drain any induced currents from nearby ¢lectrical
ipment. All signal cables should be jnstalled away from EMF-producing devices such as motors, generators, ¢lectrical
uits, cable trays, and electricalservice panels.
Mpss flow rate as shown by computer printout or flow computer is not acceptable unless the intermediate repults and
the data used for the calculations'are also reported. In the case of a differential pressure class meter, intermediate results
inclyde the discharge coeffieient, corrected diameter for thermal expansion, expansion factor, etc. Raw data inclyde static
pressure, differential pressure, and temperature. In the case of a mechanical, ultrasonic, or vortex meter, intefmediate
resullts include the meter'¢onstant(s) used in the calculation and how it is determined from the calibration cugve of the
met¢r. Data includé frequency, temperature, and pressure. For all types of flow measurement devices, intefmediate
resullts used in the calculation of the fluid density are required.
hen a flow measurement device is laboratory calibrated, the entire primary device shall be calibrated. This shall
inclyde the primary element, upstream and downstream metering runs, and flow conditioners. The entire primafy device
shal] beGhipped as one piece, dirt and moisture free, and not disassembled for shipping, installation, inspectidn, or any
dr r€ason 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 of molten salt is best measured with noncontact devices. Ultrasonic and
radar measurements avoid the possibility of sensor damage from high temperature or fluid freezing/solidification. Flow
of molten salt should be measured 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 flow measurement, depending
on the fluid type, pipe size, and desired level of measurement uncertainty. The maximum allowable uncertainty required
by this Code depends on the specifics of the flow measurement. For example, even though the flow rate for HTF is critical to
the overall measurement uncertainty of the test, depending on the situation, small uncertainties typical of ASME PTC 19.5
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 the main circuit, it s
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ecommended Flow Measurement Devices

1-5.3-1 lists recommended flowmeters for specific applications.
icertainty of flow measurement depends on many factors, including
pe of instrument used for the measurement

be of fluid

cosity of the fluid
w velocity and Reynolds number (laminar or turbulent)

e of the pipe

be of flow, e.g., continuous or pulsating

lection of the flow measurement instrument for the test should follow ASME PTC 19 recommendation
ity for the type of instrument that will be used, to the extentthe type of instrument is covered in ASME PT
.2-1lists uncertainties associated with various types of floWw-instruments. The information in the table shou
he selection of the flow measurement instrument. Due to specific flow conditions (size of the pipe, tempera
etc.), the uncertainty of the flow measurement may;be outside the typical value identified in Table 4-5
fypes other than those recommended in Table 4-5:3+1 or whose typical uncertainty levels are outside thosel
4-5.2-1 are acceptable as long as the overall test uncertainty goals are met. Cost, application, and uncertg
e considered in the selection of a flow measiirement device. Since flow measurement technology will change
Code doesnotlimitthe use of other flowmeasurement devices not currently available or not currently reliah
ices become available and are shown-to be of the required uncertainty and reliability, they may be us
fferent types of devices are discussed in paras. 4-5.3.1 through 4-5.3.2.4.

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

hall have a laboratory calibration performed unless the
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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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Table 4-5.3-1 Recommended Flowmeter as a Function of Application

Application

Type of Flow Nominal Diameter of Piping Recommended Flowmeter Type

Water or low-pressure steam 28 cm (23 in)

with ASME PTC 19.5

Differential pressure orifice, nozzle, or venturi in accordance

Steam or gas 210 cm (24 in.) Differential pressure nozzle or venturi in accordance with
ASME PTC 19.5
0il, including HTF oil <8 cm (<3 in.) Turbine or positive displacement
HTF il _Q 3 and _‘3“ S [_'2 -'n. and _1') 1-“.) D +ial P P Fi‘ﬁ - RO%% e, oF HQHG-HF-]' in QGCOrdanCe
with ASME PTC 19.5
>30 cm (>12 in.) Ultrasonic flowmeters in accordance with ASME ,MHC-5.1 or
vortex shedding flowmeters in accordance|with AYME MFC-6
Moltg¢n salt All diameters Ultrasonic flowmeters in accordance with ASME MHC-5.1 or
vortex shedding flowmeters in accordance with AYME MFC-6
445.3.1 Differential Pressure Meters. In this paragraph, the application and calibratign requirements for the differ-
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1 pressure meters (i.e., orifice, nozzle, venturi) are introduced. Where differentialptessure-type devices are
should be designed and installed in accordance with ASME PTC 19.5.

| differential pressure meters used in the measurement of an HTF circuit shall be laboratory calibrate
ghteners or other flow conditioning devices are used in the test, they-shall be included in the metq
when the calibration is performed. Qualified hydraulic laboratoriesycommonly calibrate within an un
proximately 0.2%. Thus, with inherent curve-fitting inaccuraciesfuncertainties of less than 0.3% in the g
Ficients of laboratory-calibrated meters can be achieved. Differential pressure meters used in the measuren
I primary parameters and variables may use the empirical forimulations for the discharge coefficient for di
sure class meters if the uncertainty requirements are met.aitd the meter is manufactured, installed, and op
t accordance with ASME PTC 19.5.

order for a differential pressure meter to be used for‘the HTF main circuit, it shall be manufactured, c3
lled, and operated in strict accordance with ASMEPTC 19.5, and the flow shall be calculated in accordance
. This includes the documentation on factory measurements of manufacturing requirements per ASME PTC
bnsional specifications of the installation, including upstream and downstream disturbances. The start-u
s shall be examined to validate compliance with the requirements of ASME PTC 19.5.

['F main circuit flow shall be measuréd with a minimum of two sets of differential pressure taps, each w

pendent differential pressure measurement devices. It is recommended that the sets of pressure taps be separa
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br 180 deg. Additionally, itis recominiended for the throat tap nozzle that the meter be manufactured with fo
rential pressure taps located 90 deg apart and that they be individually measured. Further, the flow ca
ld be done separately for each-pressure tap pair, and all calculations should then be averaged. Investigation
b results differ from each tap set calculation by more than the flow measurement uncertainty. In cases w
bring run is installedddewnstream of a bend or tee, it is recommended that the pairs of single taps be installe
axes are perpendicular to the plane of the bend or tee.

Differential pressure meters should be assembled, calibrated (if applicable), and left intact for the duration o

b manufactured and calibrated (if applicable), the flowmeter assembly should not be disassembled at the
ent flanges.If it is necessary to disassemble the flowmeter assembly for inspection or any other reason pr
provisions for the accurate realignment and reassembly, such as pins, shall be built into the section to rep
ise position of the flow element when it was manufactured and calibrated (if applicable), or the empirical for
be‘used in the calculation of flow. Additionally, gaskets or seal rings (if used) shall be inserted in such a way
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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-

steam through pipe greater than 8 cm (3 in.) in diameter.
Inaccordance with ASME PTC 19.5, three types of tap geometries are recommended: flange taps, D and D/2 taps (where
D =diameter), and corner taps. This Code recommends that only flange taps or corner taps be used with orifice meters 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:
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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 the meter is used in gas measurements. 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.

4-53.1.2 Nozzle Meters

445.3.1.2.1 Application. Nozzle meters are recommended for measuring the flow rate of water or high*pressure
steam thirough pipes 10 cm (4 in.) in diameter or larger.

The ngzzle meters shall be installed in accordance with ASME PTC 19.5, with the three types of ASME primary elenjents
that are frecommended therein.

445.3.1.2.2 Calibration. At least 20 calibration points should be run over the widest possible range of Reyrjolds
numberq that applies to the performance test. The procedure for determining whether the calibration curve parallelf the
theoretidal curve shall be conducted in accordance with ASME PTC 19.5. The procedure for fitting, including extrapoldtion
ifnecessfry, and evaluating the curve for the coefficient of discharge shall also be conductedin compliance with ASMEPTC
19.5.

4-53.1.3 Venturi Meters

415.3.1.3.1 Application. Venturi meters are recommended for measaring the flow rate of water or high-pregsure
steam in| pipes 10 cm (4 in.) in diameter or larger.

Inaccqrdance with ASME PTC 19.5, the ASME (classical Herschel) venturi is the recommended type of primary elenmpent.
Other venturis may be used if an equivalent level of care is taken. i1y their fabrication and installation and if they are
calibrateld in a laboratory with the same care and precision as required in ASME PTC 19.5 and herein. The convergent fone
of aventyriis effective as a flow conditioner for the throat section. As such, the upstream length requirements for vepturi
meters afe commonly less than those of alternative differential pressure class meters for the same upstream conditjons.

445.3.1.3.2 Calibration. Calibration shall be in a¢cordance with ASME PTC 19.5, due to similar design considera-
tions.

4-5.3.2 Mechanical Meters. In this subsection;the application and calibration requirements for the use of turbind and
positive Hisplacement meters are presented.‘Turbine meters will be presented first, and positive displacement m¢ters
follow. Tjurbine meters are commonly classified as inference meters, as they measure certain properties of the fluid
stream gnd infer a volumetric flow. Pesitive displacement meters are commonly classified as direct meters, as [they
measure|volumetric flow directly by centinuously separating (isolating) a flow stream into discrete volumetric segnjents
and counting them.

A fundpmental difference between differential pressure meters and mechanical meters is the flow equation derivagion.
For diffefential pressure meters, flow calculation may be based on fluid flow fundamentals using a first law of thefmo-
dynamicp derivation where deviations from theoretical expectation may be assumed under the discharge coeffidient.
Thus, ong can manufacture, install, and operate a differential pressure meter of known uncertainty. Conversely, mechan-
ical metdr operationis not rooted deeply in the fundamentals of thermodynamics. Mechanical meters have performhnce
charactelristics established by design and calibration. Periodic maintenance, testing, and recalibration is requjred,
because [the(calibration will shift over time due to wear, damage, contamination, or a combination of these facors.

All mefchanical meters used in the measurement of primary parameters and variables shall be laboratory calibr]ited.
These calibrations shall be performed on each meter using fluid, operating conditions, and piping 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. Turbine meters are recommended for measuring the flow rate of water through pipesless

than 8 cm (3 in.) in diameter.
The turbine meter is an indirect volumetric meter. Its main component is an axial turbine wheel 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 a magnetic flux field created by a pickup coil located in the measurement module. 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. The meter 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.

The mechanical style meter uses a mechanical gear train to determine the rotor’s relationship to volume. The gear train
is commonly comprised of a series of worm 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.cdlibration
labofatory, and a combination of change gears is installed to shift the proof curve to 100%.

Turbine meter performance is commonly defined by rangeability, linearity, and repeatability. Rangeability is ajmeasure
of thle stability of the output under a given set of flow conditions. It is defined as the ratio of the maximum nreter cgpacity to
the minimum meter capacity for a set of operating conditions, and during which the meter maintains its ppecified
accuracy. Linearity is defined as the total deviation in the meter’s indication over a stated flow,range and is c¢mmonly
expllessed by meter manufacturers to be within £0.5% over limited flow ranges. High-aecuracy meters have typical
linearities of +0.15% for liquids and +0.25% for gases, usually specified over a,10:1 dynamic range below
maxjmum rated flow. Repeatability is defined as the ability of the meter to indicatethe same reading epch time
the fame conditions exist and is normally expressed as +0.1% for liquids and #0:25% for gases. Accuracy| shall be
expllessed 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, pesitive swirl, nonuniform velocity profile,
and jpulsations. In gas flow, contaminants can build on internal meter parts and reduce the flow area which fesults in
highler-velocity fluid, a faster-moving rotor, and a skewed rotor exit angle! The increased velocity and the altered exit
anglp of the fluid cause the rotor to over register. For all fluids, positive upstream swirl may be caused by a yariety of
conditions that may include out-of-plane elbows, insufficient flow conditioning, partially blocked upstream filters, or
damppged internal straightening vanes. The positive swirl causesthe fluid flow to strike the rotor atan accentua:led angle,
cauding the rotor to over register. If there is a distortion of the(v€locity profile at the rotor inlet introduced by ypstream
piping configuration, valves, pumps, flange misalignments, or other obstructions, the rotor speed at a given flo will be
affeqted. For a given average flow rate, a nonuniform-yelocity profile generally results in a higher rotor spe¢d than a
unifprm velocity profile. In pulsating flow, the fluid velocity increases and decreases, resulting in a cyclical accgleration
and feceleration of the rotor causing a net measurement over registration. Dual-rotor turbine meters with selffchecking
and pelf-diagnostic capabilities are recommended-to aid measurement accuracy and to detect and adjust for m¢chanical
weal, fluid friction, and upstream swirl. Additionally, dual-rotor meters’ electronics and flow algorithms detect gnd make
partjal adjustments for severe jetting and pulsation. ASME PTC 19.5 should be consulted for guidance on assesfing flow
distyirbances 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 performegl on each
turbine meter at conditions as clese as possible to the test conditions under which the meter is to operate. This shall
inclyde using the fluid, operating conditions (temperature and pressure), and piping arrangements as nearly id¢ntical to
the test conditions as is praetical. Calibration data points shall be taken at flow rates that surround the range of pxpected
test [flows. The orientation of the turbine meter influences the nature of the load on the rotor bearings, and|thus the
perfprmance of the{meter at low flow rates. For optimum accuracy, the turbine meter should be installed in fhe same
orieptation in which it was calibrated. The turbine meter calibration report shall be examined to confirm the unfertainty
as cplibratedsinthe calibration medium.

Ag the effectof 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
poinjt shall have three different calibration temperatures that encompass the liquid fuel temperature expected dhring the
test.Itisrecommended thata universal viscosity curve be developed to establish the sensitivity of the meter’s Kfactoras a
function of the ratio of the output frequency to the kinematic viscosity. The universal viscosity curve reflects the combined
effects of velocity, density, and absolute viscosity acting on the meter. The latter two effects are combined into a 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,
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bsection 2-1 for nomenclature.)

5.3.2.2.2 Calibration. The recommended practice is to calibrate positive displacement meters in the same

n laboratory does not have the identical fluid, the next best procedure is to calibrate the meter in a similar
same range of viscosity-pressure drop factors expected'in service. This recommendation implies duplicatin
viscosity of the two fluids.

B.2.3 Ultrasonic Flowmeters. Ultrasonic flownieters measure flow velocity using sound waves. An ultrag

backin the opposite direction to the flgw direction. The difference in sound transit time between the sound y
inthe opposite direction to the liquid flow and the transit time in the same direction as the flow indicates the
n the pipe. Since delay time is measured at short intervals, both in and against flow direction, viscosity
ure have no influence on measurement accuracy.

trasonic transducers functien’ as both transmitters and receivers of the ultrasonic signals. Measureme|
bd by determining the time it takes the ultrasonic signal to travel with and against the flow between
and B. The principle.'cah be expressed as follows:
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of reading in some cases), and accuracy is not significantly affected by pulsating.flow unless it entrains a]: or

b wobble plate, rotating piston, rotating vanes, and gear or impeller types. All of these designs measure volumgtric
ctly by continuously separating (isolating) a flow stream into discrete volumetric segments and counting them.
positive displacement meters are often called volumeters. Because each count represents a discrete volume of
itive displacement meters are ideally suited for automatic batching and accounting. Unlike differential pregsure
hd turbine meters, positive displacement meters are relatively insensitive to piping installations’and otherise
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proportional flow factor for the ultrasonic meter
transit time

transit time of sound wave from point A to point B
transit time of sound wave from point B to point A
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 the measurement should not exceed the uncertainty requirement of the parameter on which
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 be used to obtain a measure 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
profjagate between a transmitter and a receiver. The velocity of propagation of the ultrasonic signal is the.sym of the
spedd of sound, c, and the flow velocity in the direction of propagation.

(W) Frequency Domain. The basis of this technique (often called a sing around) is the reception of an acoustidsignal at
the geceiver that is then used as a reference for generating a subsequent acoustic signal at the transmitter. Assfiming no
delalys other than the propagation time of the acoustic pulses in the liquid, the frequency at which thépulses are generated
or received is proportional to the reciprocal of their transit time.

A$ME MFC 5.1 provides detailed information on ultrasound flowmeters and their application and provided detailed
calcjilation methods based on flow calculations.

4-5.3.2.4 Vortex Shedding Flowmeters. Vortex shedding flowmeters measure the-flow rate through the pjpe using
the Yon Karman vortex shedding principle. The flowmeter consists of a bluff bodydnside the flow path. As the flhid flows
aroynd the bluffbody, vortices are induced in the wake of the bluffbody. A piezoelectric sensoris placed in this arga so that
for gach vortex it sees, there is an electric signal generated as a result of pressure fluctuation from the voftex. The
freqpency of the electric signal is directly proportional to the flow velocity of the fluid. The principle can be ekpressed
as fgllows:

_ StXu
L

F

whefe
H = measured vortex shedding frequency

If = characteristic length of the bluff body
S = Strouhal number (usually a fixed value for-geometry)
ul = flow velocity

The advantages of a vortex shedding flowmeter are that it has high accuracy, it can be used at a relatiyely high
temperature, and it does not require impulse tubing like a venturi meter. The output of a vortex shedding flpwmeter
is a yolumetric flow rate measurementthat is uninfluenced by density, temperature, and pressure. This is pafticularly
advgntageous for fluids like molten-salt, because with those fluids there is concern about keeping the impulse tubing
war and errors generated due to-varying temperature of the fluid inside the impulse tubing. Moreover, a vortes shedder
is frpe of any holes or openings where salt could get stuck and freeze.
Vortex shedding flownieters have an accuracy of 0.65% of the maximum rated flow. They can be used to temperatures
as hjgh as 425°C (7972E)."Thus, for an application like molten salt receiver, it is recommended to use vortex fhedding
flowjmeters in the_indet or low temperature section. This type of flowmeter may not be available for large plpe sizes.
Injorder to have.agood measurement, it is necessary to have an incoming flow that is free of external flow distyrbances.
It is fecommended to have a minimum of ten flow diameters of straight length pipe upstream and five flow diafneters of
strajght length pipe downstream of the flowmeter.

A$MEMFC 6 provides detailed information on vortex shedding flowmeters including principles of operationf 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-
mended humidity measurement devices. Humidity may be an input variable to solar performance models 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 to provide the basis for determination of air properties. Despite the large physical size of 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 rgcommended, and most common, humidity measurement device is the capacitive hygrometer-type el
humidity meter. Other types of measurement devices, such as wet and dry bulb psychrometers and.chilled m
dew point meters, are not excluded, but they provide little additional value for their additional effort @nd expe
re compliance with the measurement uncertainty requirements, the user shall either calibfate the hygrom
d using appropriate calibration standards or have certification of a recent factory calibration. The uncertd
levels foit a capacitive-type device increase at extreme-low and extreme-high humidity levels. Measurements of extr¢
low and |extreme-high humidity shall be verified with at least two independent measuremeénts to achieve accepf
uncertainty.

4-7 WIND SPEED AND DIRECTION
4-7.1 Introduction

This syibsection presents requirements and guidance regarding the measurement of wind speed and direction. I
discussef the recommended wind measurement devices, calibration ofiwind measurement devices, and the applicati
wind megasurement devices. Due to the state of the art and general’practice, it is recommended that electronic
measurement equipment be used for primary parameters and primary variables to minimize systematic and ran
error.

4-7.2 Required Uncertainty

Though primary variables, wind speed and direction have relatively low sensitivity coefficients. Uncertainty req
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ments arg assigned accordingly. Wind speed shallbe-measured with wind measurement devices capable of +2% accuracy

or better} Wind direction shall be measured with/devices capable of accuracy +5 deg. The instrument(s) for wind s
and direftion 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, gdpplication, and uncertaifity should be considered in the selection of wind measurement devices. SonicH
anemomieters and cup-type ahiemometers can both meet the uncertainty requirements and are suitable for ¥

beed

type
vind

measurement. The uncertainty in wind speed measurement derives from three sources: the calibration of the instru
the operational characteristics of the anemometer, and the flow distortion due to instrument mounting effects. All of t
sources pf uncertainty nieed to be considered in the overall uncertainty of the measurement.

Asingle measurementlocation is adequate, but multiple measurements at differentlocations may be performed if t

is any rdason tqo‘believe a single measurement location would not represent wind conditions over the entire fi¢

The arjemometér shall be mounted on the meteorological mast at a tower height of 10 m (33 ft) relative to the gro
+2.5% of the-mast’s total height.

Care sl Be en--e he-meteorelogicalme hall-notbelocated-se-closeto-theso oHeectorth

affect wind speed. The mast 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.

hent,
ese

Priorto carrying out the performance evaluation test, and to help select the location of the meteorological mast, account

should be taken of the need to ensure that both the mast and the turbine will not be subject to flow disturban

ces.

In most cases, the best location for the meteorological mast is upwind of the solar collector in the direction from which

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 speeds atincreasing elevations to calculate the wind speed at the top of 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 p sonic anemometer is used for wind speed measurement, then wind direction can typically be measured|from the
samg instrument. If a cup-type anemometer is used for wind speed, then wind direction should be measured with a wind
vang. A wind vane used for this purpose shall be mounted on the meteorological mast on a boom. The dombinedl 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 méasurement in a tank or ve¢ssel and
recommended level measurement devices. Liquid level may be an input variable-to solar performance moflels, and
it is|therefore considered a primary variable. Due to the state of the art and general practice, it is recompmended
that|electronic level measurement equipment be used for primary paraimeters and primary variables to minimize
systgmatic and random error.
Sipce level measurement technology has changed over time, this Codédoes not limit the use of new level meagurement
devifes not identified or currently available. If such a device becomes-available and meets the required uncertginty and
religbility in this Code, it may be used.

Mpasurements to determine fluid level in a tank or vessel shallbe made in proximity to measurements of fluid fempera-
tureland vessel pressure to provide the basis for determining the actual level and hence the total inventory of ghe liquid
beinlg determined.
Farlarge tanks and vessels with continuous in and outflow, atleast two level measurements should be made atjopposite
endg (180 deg apart) for accurate determination of fluid inventory.

4-812 Required Uncertainty

Liguid level should be measured to within 2% measurement accuracy, which is achievable using available de}ices and
propjer calibrations.

4-8]3 Recommended Liquid-Level Measurement Devices

Liguid-level measurement\devices are classified into three categories based on their method of level detectfon: sight
glasses, hydrostatic measurement devices, and distance measurement devices. These three device types are described
belojw, and examples«of‘available instruments are listed.
(a) Sight Glass. The-sight glass is the simplest and oldest industrial level-measuring device. A manual apgroach to
meapurement, sight glasses have a number of limitations. The material used for transparency can suffer catgstrophic
failure, with£nsuing environmental and safety issues, hazardous conditions for personnel, and/or fire and ekplosion.
Sealf are pronéto leak, and buildup, if present, can obscure the visible level. However, sight glasses are simple and used for
manjually“yecording level where freezing of the fluid under ambient conditions is not an issue.
(W) _Hydrostatic Devices. Displacers, bubblers, and differential pressure transmitters are all hydrostatic meagurement
devices. Any change in temperature will 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
distance measurement devices available. Such systems use the sharp change of some physical 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 ata
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 end of the dip pipe should be located far enough above the tank bottom so
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 two pressures (d/p) level over wide ranges if the density of the liquid is constant. When a d/p cell is used, it will cancel
out the effects-ofbarometric pressure vnviafinnc, because both the ]iqnir‘ inthetankandthe ]r\ur-pvaccnrn sideofthe d/p

cell are ¢xposed to the pressure of the atmosphere. The d/p cell reading will represent the tank level.

4-8.3.B Floats. The buoyant force available to operate a float level switch (i.e., its net buoyancy) is the\differpnce
between|the weight of the displaced fluid (gross buoyancy) and the weight of the float.
Floatsjare available in spherical and a variety of other shapes. They can be made of stainless steel, Téflon®, Hastdglloy,
Monel, ale various plastic materials.

4-8.3.4 Magnetic Level Gauges. Magnetic level gauges are the preferred replacements fofisight glasses. They are
similar t¢ float devices, but they communicate the liquid surface location magnetically. In a mdghetic level gauge, the Foat,

carryinga set of strong permanent magnets, rides in an auxiliary column (float chamber) attached to the vessel by mpans
of two prjocess connections. This column confines the float laterally so that it is always close’to the chamber’s side wall. As
the floatrides up and down with the fluid level, a magnetized shuttle or bar graph iridication moves with it, showing the
position |of the float and thereby providing the level indication. The system can wetk only if the auxiliary columnfand
chamber] walls are made of nonmagnetic material.

4-8.3.5 Capacitance Transmitters. Capacitance transmitters operate.ofi.the principle that process fluids genefally
have dielectric constants, ¢, significantly different from that of air, which has a dielectric constant very close tqg 1.0.
Capacitiye 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 consthnts.

Oils hgve 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 varies with the liquid level, created by either an insulated rod attachg¢d to
the trangmitter and the process fluid, or an uninsulated rod attached to the transmitter and either the vessel wall|or a
referencg probe. As the fluid level rises and fills more\of the space between the plates, the overall capacitance fises
proportipnally. An electronic circuit called a capacitahee bridge measures the overall capacitance and provides a coptin-
uous levgel measurement.

4-8.3.6 Magnetic Level Gauges and Transmitters. Paragraph 4-8.3.4 describes the advantages of using a float with
magnetsjto determine liquid level, and magnetostriction is a proven technology for precisely reading the float’s locafion.
Instead qf mechanical links, magnetostrictive transmitters use the speed of a torsional wave along a wire to find the float
and repqrt its position. In a magnetostrictive system, the float carries a series of permanent magnets.

In this[system, a sensor wire is-<connected to a piezoceramic sensor at the transmitter, and a tension fixture is attachgd to
the oppdsite end of the piezeceramic sensor tube. The tube either runs through a hole in the center of the float pr is
adjacent|to the float outside\of a nonmagnetic float chamber.

Tolocqte the float, thetransmitter sends a short current pulse down the sensor wire, setting up a magnetic field aloyg its
entire lepgth. Simultaneously, a timing circuit is triggered on. The field created by the pulse interacts with the [field
generated by the maghets in the float. The overall effect is that during the brief time the current flows, a torsional foyce is
producedl in the'wire, much like an ultrasonic vibration or wave. This force travels back to the piezoceramic sensor at a
characteristicspeed. When the sensor detects the torsional wave, it produces an electrical signal that notifies the tifning
circuit thatthe wave has arrived and stops the timing circuit. The timing circuit measures the time interval (TOF) betyeen
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
known and constant with process variables such as temperature and pressure, and the signal is not affected by foam, beam
divergence, or false echoes. Another benefit is that the only moving part is the float that rides up and down with the fluid’s
surface.

4-8.3.7 Ultrasonic Level Transmitters. Ultrasoniclevel sensors measure the distance between 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 6 ms/m. The speed of sound [340 m/s in air
at 15°C (1,115 ft/sec at 60°F)] depends on the mixture 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, and opaque liquids such as dirty 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 mm? (2 in.?). Lasers are

pre 'ICD evenlin vnhr\‘r‘ andfoam T]’\n" areideal foruseinvesselswith numerous obstructionsand.canmeasure lstances

upt 450 m (1, 500 ft). For high- temperature or high-pressure applications, such as in HTF tanks or vessels, laserg shall be
used in conjunction with specialized sight windows to isolate the transmitter from the process. These glasswindpws shall
pasq the laser beam with minimal diffusion and attenuation and shall contain the process conditions,

448.3.9 Radar Level Transmitters. Through-air radar systems beam microwaves downward ffem’either a horn or a
rod gntennaat the top of a vessel. The signal reflects off the fluid surface back to the antenna, and a timing circuit dalculates
the dlistance to the fluid level by measuring the TOF. If the fluid’s dielectric constant is low,it can present meagurement
proljlems. The reason is that the amount of reflected energy at microwave (radar) frequencies is dependent on the
dielgctric constant of the fluid, and if € is low, most of the radar’s energy enters‘or passes through the fluid
surface. Water (e, = 80) produces an excellent reflection at the change or discontinuity in &,.

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 fromrtank buildup and obstructions ¢an cause
erroneous readings. To overcome these problems, complex algorithms usifig fuzzy logic must be incorporated into the
tranpmitter. Transmitter setup can be tedious and changes in the process.environment (buildup, etc.) can be proplematic.
Gliided wave radar (GWR) systems avoid these issues. In this type of system, a rigid probe or flexible cablg antenna
system guides the microwave down from the top of the tank tothe‘liquid level and back to the transmitter] As with
thropgh-air radar, a change from a lower to a higher ¢, causes thereflection. Guided wave radar is 20 times morq efficient
thar| through-air radar, because the guide provides a more fo€used energy path. Different antenna configuratigns allow
meapurement down to ¢, = 1.4 and lower. Moreover, GWR!systems can be installed either vertically or, in some cases,
horigontally. The guide can be bent up to 90 deg or angle@and still provide a clear measurement signal. GWR is known to
havg a maximum operating temperature limit and should be deployed per manufacturer’s recommendations.
GYVR exhibits most of the advantages and few ofithé liabilities of ultrasound, laser, and open-air radar systemg. Radar’s
wavp speed is largely unaffected by vapor space'gas composition, temperature, or pressure. It works in a vacuurh with no
recalibration needed and can measure throughimost foam layers. Confining the wave to follow a probe or cable eliminates
beath-spread problems and false echoes frem 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, arjd 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
subgections 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 fecémmended flow measurement devices, calibration, and application are also discussed. Due to the state pf the art
and peneral practice, it is recommended that electronic fuel flow measurement equipment be used for primarfy 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 range of temperatures measured during 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 flow measurement, this Code recommends flowmeters that can be demonstrated 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 recommends ASME PTC 19.5 laboratory-calibrated venturi, orifice, or flow nozzle metering runs to measure
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 Measurement Method for Liquid Fuel. Ifliquid-fueled supplementary firing is employed, the quantity 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 Reyrjolds number range expected during the test. For volume flowmeters, the temperature of the fuel sha]l be
measuref accurately to calculate the flow correctly.

Other [flowmeters or uncalibrated meters are permitted so long as a measurement error of 0.75%or less caph be
achieved, Refer to ASTM D1480 for methods of determining liquid fuel density and ASTM D445 for methods of deter-
mining ljquid fuel viscosity.

4-9.3.2 Measurement Method for Gaseous Fuel. If gaseous fuels are employed, the quantjty«of gaseous fuel buined,
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 the use of a venturi, orifice, flow nozzle, ultrasonic, or turbine meter]. For
orifices, yenturis, or nozzles, refer to ASME PTC 19.5 for installation guidelines as welkas-the calculation procedure{ For
differentjal pressure meters, the pressure drop shall be measured using a differentiakpressure transducer. Outputs from
these deyices can be read manually via meters or with a data acquisition system:-Gas density shall be determingd in
accordarjce with the procedure in AGA Report No. 8. Linear flowmeters shouldbe calibrated at the expected working
pressureg to reduce the flow error. Uncalibrated flowmeters are acceptable/f the measurement uncertainty is derpon-
strated tp 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 vibrafion,
temperature, and humidity. See subsection 4-1 for locatienand identification requirements.

4-10 ELECTRIC POWER MEASUREMENT

4-10.1 Introduction

This spbsection 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 doeg not
apply to|measurement of thermal pewer cycle performance, including measurement of electrical generator pqwer
output. Therefore, the current section’does not address measurement of electric power from a generator.

Measurement of auxiliary eleetric’power may be part of an ASME PTC 52 test. If this measurement is part of an ASME
PTC 52 tgst, it would typically'be-done as a separate measurement, calculation, and presentation of results indepenfdent
from themain test purpose.ofitieasuring solar-to-thermal conversion performance. However, the guidance in this subsec-
tion shoyld be followed regardless of how an auxiliary electrical load measurement result is applied in a contra¢tual
setting.

4-10.2 Required Uncertainty

Electric power measurement primary parameters and variables should be measured with 0.5% or better accuracy flass
power nlefering

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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The measurement of the auxiliary electric power can be done with station permanent meters or locally using 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
expected variation in the load when determining the methods for measuringload during the test and the frequency of data
readings.

The following calculation may be used in lieu of field measurement to estimate the total load from a trough orfheliostat
drivg motor:

total load = power requirement X number of drives

Data can be collected either manually or automatically. For short-term tests, at least three readings should be faken for
eacH] test period for loads that have little variation. For long-term tests, readings should be taken at least hgurly. For
intermittent or large-variation loads, readings shall be taken with enough frequency to obtain'an accurate average power
meapurement over the course of the test period. In some cases, the only practical measurenient may be a totalizing type of
met¢r at the MCC.

4-11 ATMOSPHERIC ATTENUATION

Afmospheric attenuation or transmissivity may have significance for tower-type CSP applications that are d¢pendent
on gnergy being reflected from multiple locations to one central receiver. It is possible that in unusual ocqurrences
atm¢spheric 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 techn|ques for
attepuation. Attenuation is not addressed in this Code. If attenuation is a factor in the base reference conditions of
rantee, 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
towe¢r-type CSP receiver is of a very high magnitude (as high as 1 000 kW/m?), and small changes in the receivef absorp-
tance can result in relatively big changes in the total heat absorbed by the receiver. The absorptance of high-tadiation
absdrption coating, along with the method of application for the coating, is usually provided by the coating manyfacturer.
However, the absorptance of receivericoating can change with time and usually degrades slowly when exposed td ambient
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 absprptance
meapurement may be included’in the performance test.

The absorptance measurement can be done using laboratory measurement instruments or handheld instfuments.
However, handheld absorptance measurement is preferred for performance tests. It is recommended to have absorp-
tance measured atéseveral locations along the receiver surface to get a spatial distribution of the absorptifity. The
degradation of coating absorptance may be a function of operating temperature and tube material. Therefore, jneasure-
of absopptance at several locations provides a better picture of the average absorptance of the receiver. Absprptance
meapurementunay be performed during a planned outage (before or after the performance test), and the results of the
meapurément may be used in the performance test calculation.

Handheld absorptance measuring devices use a spherical measuring head to measure absorptance for the gpecified
wavelength range. These devices can be used for flat surfaces and surfaces up to 152 mm (6 in.) convex or 305 m (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 fluid properties is available, the standard should be used. For water or steam, it
is recommended-to use TAPWS-1FQ7 steam tables FEor other ﬂnidc, the pnri‘inc 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 corftaminated or degraded since those standards were applicable, a laboratory test may be required to, quaptify
the fluid properties. Itis not recommended to use values published by the HTF vendor. However, in a case wherethis i the
only poskibility, 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 peffor-
mance, because their sensitivity is large. Fluid properties are typically used in both terms of.the equation for energdy, Q:

Q=mX Ah

Fluid properties are required when calculating mass flow rate, m, from a volumetric flowmeter and when calculgting
enthalpy} h. If uncertainty in the fluid properties is high, itis recommended to either reduce the uncertainty by performing
a high-qyality laboratory test or measure mass flow rate directly. Mass flow rate ¢an be measured directly with a Coriolis-
type flowmeter, but these meters typically cost far more than a laboratory test of the fluid properties.

The refuired uncertainty will depend on the type of parameters and variables being measured. Refer to para. 4-1.2.p for
discussign of measurement classification.

4-14 CLEANLINESS

4-14.1 |ntroduction

This sybsection presents requirements and guidance regarding the measurement of cleanliness. Cleanliness is the fatio
of the syftem’s optical properties (i.e., reflectance @nd transmittance) at the time of the performance test to the ogtical
propertig¢s at a reference condition. The reference'condition is typically defined by the parties to the test or includ¢d in
supplier|specifications, but it may referencé the condition of the system in a like-new condition, immediately after
installatjon, or in a recently cleaned state."Thus, the cleanliness factor provides a measurement of the amount of
soiling of degradation at the time of-the’ performance test.

In gengral, the solar field cleanliness-factor is calculated by taking reflectance measurements on both soiled and cleaned
mirrors. [The ratio of the soiled.and/cleaned data sets is the mirror cleanliness factor of the solar field. In systems|that
include g transparent envelopebetween the reflector and the receiver (e.g., glass around the receiver), the cleanlinegss of
the envelope shall also be.accounted for. In many cases, direct measurement of the cleanliness of the envelope i§ not
possible jn an operationalpower plant. Thus, it is common practice to assume the envelope cleanliness to be 0.5 timef the
reflector|cleanliness; because light passes through the surface of the reflector twice, but through the envelope only ¢nce.
In systerhs wherethe rate of soiling is deemed to vary between the reflector surface and the receiver envelope, alterjnate
weightinlg 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,T‘\easurement locations, instrument calibration, and quantification of uncertainty. Where applicable, glass :F"air
transmittance should be included in the calculation of system cleanliness, butitis inherently difficult to measure. 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

The quantification of a surface’s reflectance may be defined in a variety of ways, and itis important for the parties to the
test to agree upon the measurement 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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Figure 4-14.2-1 Incidence Angle, Acceptance Angle, and Specularity
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spedtrum within an acceptance angle thatis representative of the type of system installed and representative of
range of angles of incident light. The acceptance angléyrequired for a central receiver system is generally smaller
reqyired for a linear Fresnel or parabolic trough.system, because the concentration ratio of a central receiver
sign|ficantly higher.

Buit while the SWSR is an important valiie when initially predicting the performance of a solar field, the part
test may instead agree to measure cleanliness at a single wavelength, a single incident angle, and a specific ad

h specific
than that
ystem is

es to the
ceptance

angle that is representative of the reflector system. For example, the parties to the test may agree that if the cleanliness of

the fleflector is 0.9 at 660 nm withra-¥5-deg incidence angle and a 25-mrad acceptance angle, then the cleanlineg
likelly also 0.9 as a measurement;of SWSR. It should be noted, however, that one effect of reflector soiling is d|

s is most
ecreased

anceata
Certainty
o the test
tain that

trate the
hgle, and

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 variable wavelength, acceptance angle, and/or incident angle.
ASTM E903-12 may be referenced for instruments that make use of integrating spheres in their measurements.
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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 SWSR measurement, 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 jts required duration and before each day of
testing. A calibration standard (mirror) is typically provided with the measurement device and can be used to calibratf the
instrumgnt 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 refergnce
test and |the performance test periods.

4-14.5 Measurement Locations

Mirroy cleanliness is most typically influenced by material degradation and soiling of the mirror surface. While dggra-
dation is|typically uniform across the solar field, soiling occurs at different rates dependingen. the reflector’s positign in
the field.[Reflectance measurements should be taken at interior and exterior collectors, aswell as collectors nearby adcess
roads, ng¢arby steam or other process equipment, and at varying elevations from the>ground. Reflectance dispaifities
within a|single mirror should also be considered. A representative pattern should‘be adopted so that the solar field
reflectanjce is reported as an average value that represents the entire test boindary.

4-14.6 Uncertainty

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

If not ptherwise specified by this Code, parameters and variablésshall be determined with reflectance measurement
devices fhat have a systematic uncertainty of no more than #0,5% of measured value. The measurement devicep for
primary parameters and variables shall be laboratory calibrated unless the device can demonstrate a systematic unjcer-
tainty lower than £0.5% without calibration.

Deterrpination of field average reflectance or field average cleanliness typically requires that a sufficient numbgr of
measurements be taken across a random pattern ih:the entire test boundary such that the standard deviation of the
measurement values is within a limit specified by the parties to the test. If the standard deviation is outside the accepfable
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. JAlso
presenteld are the fundamental elements that are essential to the makeup of an overall data acquisition and handling
system.

This Cpde recognizes’that technologies and methods in data acquisition and handling will continue to change]and
improve|over timé: If new technologies and methods become available and are shown to meet the required standards
stated wijithin this'Code, they may be used.

4-15.11Data Acquisition System. The purpose of a data acquisition system is to collect data and store them in a form
suitable for 1928 ULcaaius orpt esentation: Syatcum may beas ailuy}c asaperson ulauua}}_y Tecor C‘lius dataoras LUllllJ}C Lasa
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 the measurements. Sampling times should be clocked using a digital stopwatch
or other accurate timing device. If it becomes necessary to edit data sheets during the testing, all edits shall be made 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 from multiple 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 to multiple locations in the
plant.

Automated-data qrnlniciﬁnn cycfnmc shallbe ﬁlnrh'r\na”y checlked afterinstallation At a minimnm, a prnf‘ncf data run

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

4-1%.2 Data Management

4415.2.1 Automated Collected Data. All automated collected data should be recorded,in their uncorrectgd, uncal-
culated state on both permanent and removable media to permit post-test application of any necessary cdlibration
corrgctions. Alternatively, corrections and/or calibration calculations can be provided with.the data supplied with correc-
tiong already applied. Inmediately after a test and prior to the person(s) collecting teSt data leaving the test site,[copies of
the qutomated collected data should be made on a removable medium and distributed among the parties of the fest. This
will prevent loss, damage, or unauthorized modification of the data. Similar steps.should be taken with any corfected or
calcpilated results from the test.

4415.2.2 Manually Collected Data. All manually collected data recgtded on data collection sheets shall be feviewed
for Jompleteness and correctness. Immediately after a test and prior to leaving the test site, photocopies of{the data
collgction sheets should be made and distributed between the partiésto the test to eliminate the chance of such data being
accidlentally lost, damaged, or modified.

4415.2.3 Data Calculation Systems. The data calculation“system should have the capability to average gll inputs
collgcted during the test and calculate the test results based on the average values. The system should also [calculate
the dtandard deviation and the coefficient of variance ofieach instrument. The system should have the ability to I¢cate and
elimfinate spurious data from the calculation of the:average. The system should also be able to plot the test datajand each
instfument reading over time to look for trends.and outlying data.

4-1%.3 Data Acquisition Systems Selection

4415.3.1 Data Acquisition System.Requirements. 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
meapurements to be made, the nuniber of data points needed, the length of the test, the number of samples reqLIired, and
the frequency of data collection needed to meet the allowable test uncertainty set by this Code. This information yvill serve
as alguide in the selection.of equipment and system design.

E4ch measurement 160p’shall be designed with the ability to be loop calibrated so that the measurement lo¢gp can be
chedked for continuity“and power supply problems. To prevent signal degradation due to noise, each instrumpgnt cable
shoyld be designéd with a shield around the conductor, and the shield should be grounded on one end to drain any stray-
indyced currents:

4415.3.2. Temporary Automated Data Acquisition System. This Code encourages the use of temporary ajtomated
dat acqulsltlon systems for testing purposes. These systems can be carefully callbrated and thelr proper dperation
ility 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 Plant Measurement and Control System. This Code does not prohibit the use of the plant measure-
ment and control system for testing. However, if used for performance testing, the system shall meet the requirements set
forth in this Code. In addition, users should recognize the system’s limitations and restrictions.
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Most distributed plant control systems apply threshold or dead-band restraints on data signals. This results in data 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.

The objective of these calculations is to determine the performance of the concentrating solar system. The ap

General

broach of

this Lode is to directly measure the primary parameters needed to calculate or predict performéanee at the test conditions.
ith the heat transfer fluid (HTF) flow and composition, along with other measured test data, the predicted| capacity

can

5-1.2 Data Reduction

Fq

exathined to determine whether the limits of permissible variations hdve been exceeded. Inconsistenci
test [record or test results may require tests to be repeated in whole of in*part in order to attain the test o

T
shou

calcplations to determine unit performance.

5-2

5-2/1 Common Parameters and Variables

at t
neit

designs, components, inputs, outputs, and model complexities. The specific test plan for the performance te
addtess the specific needs of the cong¢entrating solar system being tested.

(a

The following parameters are representative of the inputs used to predict the concentrating solar system perf
e test conditions as well as those needed to-calculate the actual (as-tested) performance of the system. T

(1) direct normal irradiance (DNI) (measured)

(2) wind speed (measuked)

(3) wind direction fmeasured)

(4) ambient temperature (measured)

(5) ambient préssure 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) ratmiospheric attenuation (measured or assumed, depending on model)
(10)-solar field aperture area (measured)

e determined for the test conditions. The predicted performance can then be comparéd to the as-tested perf

llowing the test, when all test logs and records have been completed and assembled, they should be

st data should be reviewed for outliers in accordance with guidancejprovided in ASME PTC 19.1. The remai
ld be averaged to determine values to use in the calculations.It'is this averaged data that should be us

CALCULATIONS

er exhaustive nor required for all systéms'or models. All concentrating solar systems have some differencg

Solar Resource and Ambient_Conditions

rmance.

critically
bs in the
bjectives.
hing data
bd in the

ormance
his list is
s in their
t should

(11 Tattude
(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:

) X At
J

2ot X heooo s e N B
TTT,out)y TTT,out;y TITIIT) TTTIT]

n
N (e
Ld

_ ]=1 5-2-1

qﬁeld,calc - n ¢ )
2 A
j=1

where
hurefn; = enthalpy of HTF into the test boundary, k]/kg (Btu/lbm)
hurrdu; = enthalpy of HTF out of the test boundary, kJ/kg (Btu/lbm)
Mytelin; = mass flow rate of HTF entering test boundary, kg/s (lbm/hr)
Mytr,qut; = Mass flow rate of HTF exiting test boundary, kg/s (Ibm/hr)
Qfield daic = calculated thermal power delivered by the solar field, kW (Btu/hr)
At = time interval between data measurements, s (hr)

NOTES:
(1) Theepuationrepresents only one energy stream crossing into and out of the boundary. For systems with more than one strearp, the
equafion should be expanded to calculate the sum of all streams for each“sample interval.
(2) The ime interval between data measurements should be selected, to'provide a reasonable sample size based on the oyerall
duratjion 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:

HyDPT,cale = [(mHTE 00X "HTF,0utj = MHTF,in,j X "HTEin ) At;] (§-2-2)
j

where
Hupprlcale = calculated thermal epergy delivered by the field, k] (Btu)
hurtin; = enthalpy of HTF into the test boundary, k]/kg (Btu/lbm)
hurtrpur; = enthalpy of HTF-Qut of the test boundary, k]J/kg (Btu/lbm)
My, = mass flow ratéyof HTF entering test boundary, kg/s (Ibm/hr)
Mytgbur; = mass flowsrate of HTF exiting test boundary, kg/s (Ibm/hr)
At = time interval between data measurements, s (hr)

NOTES:

(1) Theepuationrepresents only one energy stream crossing into and out of the boundary. For systems with more than one strearp, the
equafion ‘should be expanded to calculate the sum of all streams for each sample interval.

(2) The yme interval between data measurements should be selected to provide a reasonable sample size based on the oyerall
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

_ qﬁeld,calc
Tield,cale = DNI,,, X cosd X A

avg

(5-2-3)
aperture
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re

Agperture = solar field aperture area, m? (ftz)
DNI,,g = average direct normal irradiance for n number readings, W/m? (Btu/hr-ft?)

=y DNI;
j

n
DNI; = direct normal irradiance, W/m? (Btu/hr-ft?)

Qfield,calc = calculated thermal power delivered by the field [see eq. (5-2-2)]

(b

whefe all parameters are defined as in (a).

Fq

Nfield.calc = calculated solar thermal efficiency, %

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

For Point Focus-Type Concentrating Solar Systems

_ qﬁeld,calc
nfield,calc - DNI % A

avg

aperture

r tower concentrating solar power (CSP) systems, the denominator in eq. (5-2-4) is\tfot a direct measurem

(5-2-4)

ent of the

solaf energy input. In these systems, the reflector angle is variable throughout the field, while blocking and sHadowing

according to the sun’s position will change the active reflective surface area at any given time. Therefore, the sola

effic

5-2{5 HTF Enthalpy

R4

5-2/6 Fluid Flow Rate

R4

5-2]7 Auxiliary Electrical Consumption

Th
Each

menjt may include (and is not limited to) pumps, fans, control panels, compressors, and heat tracing. The f
equdtions apply for each electrical auxiliary energy source where power is not directly measured:

ency for power tower CSP systems is a representative value and not a_physical value.

fer to Section 4 for applicable enthalpy determination methods.

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

e equipment power consumption should be mieasured at each source point to the concentrating solar eq
motor control center (MCC) should be monitored and recorded following methods described in Section

I; X E; X PF

single-phase source Aux; =
gep ! 1,000

X E;XPEX /3

three-phase sources Aux; = 000
)

whefe
Ayx; = power consumption for source i, kW (Btu/hr)
E; = .electric voltage for source i
I; &~¢lectric current for source i
PF = power factor

thermal

uipment.
. Equip-
ollowing

(5-2-5)

(5-2-6)

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

j i

where

A

= time interval between data measurements, s (hr)
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uxiliary 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:

where
H,

Hpux = Z [(mAux,in,j X hAux,in,j) X Atj - (mAux,out,j X hAux,out,j) X Atj] (5
j

uwx = calculated thermal energy consumption, k] (Btu)

h Aux,|

h Aux,0
m Aux,|
mAux,o
4

If the HTF is steam or water, then consumption shall be determined using the current ASME ef)International Ass

tion for

5-3 CO

Due to
correct t
correctid
abletop
mance f3
perform

Itis ty
perform
project. ]
the guar3
the invo
paramet
can be d|

= enthalpy of auxiliary fluid into the system, k]/kg (Btu/lbm)

= enthalpy of auxiliary fluid out of the system, kJ/kg (Btu/lbm)

= mass flow rate of auxiliary fluid into the system, kg/s (Ibm/hr)
¢; = mass flow rate of auxiliary fluid out of the system, kg/s (Ibm/hr)
\t; = time interval between data measurements, s (hr)

he Properties of Water Steam (IAWPS) steam table formulations for enthalpy.

MPARISON OF AS-TESTED PERFORMANCE TO PREDICTED PERFORMANCE

the complexity of concentrating solar systems and the interaction of many influential parameters, it is difficy
he as-tested performance to reference conditions. It would likely be vety difficult to develop a complete s
n curves and factors. As such, the use of a performance model is prefetred. This performance model shou
redict the performance at the test conditions. A performance modelhas the advantage of considering all pe
ctors simultaneously and would also take into account any sécondary interaction effects between var
nce factors.

pically the responsibility of the concentrating solar systemdesign firm to provide the performance model
nce model is typically used by the construction contractor during contract negotiations and for financin
'he performance model used for the construction contract and financial closing is typically locked and becd
nteed performance model. Any subsequent changes'to the guaranteed performance model shall be approvs
ved parties. The guaranteed performance model should allow the user to input all necessary test cond
brs. Once the predicted performance at the test conditions is established by the guaranteed performance mog
irectly compared to the corresponding.as-tested value.

-2-8)

hcia-
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et of
d be
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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
(W) 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 ove
perfprmance test should contain all the information described in subsections«6-2 through 6-7 in a suitable

6-2| EXECUTIVE SUMMARY

e 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, an
objertive, including the test objective values
(W) date and time of the test
(c] signature of test coordinator(s)
signature of reviewer(s)
(e) approval signature(s)
summary of the results of the test including-uncertainty and conclusions reached
comparison with the contract guarantee
any agreements among the parties te-the test to allow any major deviations from the test requirements in
iption of why the deviation occurred

6-3|INTRODUCTION

The introduction to the test réport should include the following information:

(d) authorization for thetests, their object, contractual obligations and guarantees, stipulated agreements, aj
of the directors of the tést and the representative parties to the test

() any additional general information about the plant and the test not included in the executive summary
(1) a historical{perspective, if appropriate

(2) acyclediagram showing the testboundary (see figures in appendices for examples of testboundary diag
spedific plant types or test goals)

(3) adescription of the equipment tested and any other auxiliary apparatus, the operation of which may
the fest'result

all plant
location.

| the test

cluding a

d names
, such as
rams for

nfluence

(c)_Alisting 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) atabular summary of measurements and observations including the reduced data necessary 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 caphpcity, and enthalpy
(g) any calculations showing elimination of data for outlier reasons, or for any other reasons
(h) a gomparison of the repeatability of the test runs

(i) the
(j) the
(k) a
actual a{
) at
(m) a
(n) a

6-5 INS

The in
(a) a
number,
(b) a
(c) th
compute
(d) an
(e) a
(f) ad
(9) a

correction factors to be applied because of deviations, if any, from specified test conditions

primary measurement uncertainties, including method of application

omparison of predicted performance from the guaranteed performance model at as-testedconditions t
-tested value.

hbular and graphical presentation of the test results

discussion and details of the test results’ uncertainties

Hiscussion of the test, its results, and the conclusions

TRUMENTATION

strumentation section of the test report should include the following‘information:
fabulation of instrumentation used for the primary and secondary measurements, including make, m
tag name and number, calibration date, and bias value

Hescription of the instrumentation location

e means of data collection for each data point, such as tempofary data acquisition system printout, plant co
r printout, or manual data sheet, and any identifying,tag number or address of each

identification of the instrument that was used asbackup

lescription of data acquisition system(s) used

omplete description of methods of measurement not prescribed by the individual Code

bummary of pretest and post-test calibration

6-6 CO

The canclusions section of the test report should include the following information:

(a) a
(b) a

6-7 AP

Appe
(a) th
(b) c
(c) co
(d) c

dispositipn

CLUSIONS

ore detailed discussion of the test results, if required
recommended changes to.fiiture test procedures due to lessons learned

ENDICES

ices to the testfeport should include the following information:

test requirements

ies of original data sheets and/or data acquisition system printouts

ies of gperator logs or other recordings of operating activity during each test
ies of-signed valve lineup sheets and other documents indicating operation in the required configuration

the

odel

htrol

and

(e) th pprfnrm:mrr-\ model dpcr‘ripﬁnn andl/nr calculations

(f) instrumentation calibration results from laboratories and certification from manufacturers

60


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

ASME PTC 52-2020

Section 7
Uncertainty Analysis

7-1

T4
true
abili
prog

confjdence.

(a

are

goal
(b

pret|

the

men|
tion

7-2

In|
actig
test
num

7-3

INTRODUCTION

st uncertainty is an estimate of the limit of error of a test result. It is the interval about a test result'that con
value with a given probability (i.e., level of confidence). Test uncertainty is based on calculations involv
ty theory, instrumentation information, calculation procedure, and actual test data. ASME PTC-19.1 cover]
edures for calculation of test uncertainty. ASME PTC 52 requires uncertainty to be caléulated for a 959

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 how uncertainty|
ised 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
5 of this Code.
Because it is required that the parties to the test agree to the.guality of the test (measured by test unc
bst and post-test uncertainty analyses are an indispensable partof a meaningful performance test. An eval
est uncertainty
(1) provides a measure of the quality of the test goal.

t to the overall uncertainty is identified. Efforts canithién be concentrated on improving the most significant
to achieve the desired level of test accuracy

(3) provides test run validation.

(4) demonstrates compliance with agreéments.

PRETEST UNCERTAINTY ANALYSIS

planning a test, a pretest uncértainty analysis is required as stated in para. 3-6.2.1. This analysis allows ¢
n to be taken prior to the test, to either decrease the uncertainty to a level consistent with the overall object

ber of observations that are required for the test.

POST-TEST UNCERTAINTY ANALYSIS

post-test uncertainty analysis shall be conducted to determine the uncertainty intervals for the actual te

tains the
ng prob-
5 general
level of

analyses

four test

brtainty),
uation of

(2) helps identify actions needed to achieve the desired uncertainty. The contribution of each individual measure-

ontribu-

brrective
ve of the

br reduce the cost of the test while still attaining the objective. An uncertainty analysis is also useful to deterjmine the

st and to
r sudden

y the assumptions made in the pretest uncertainty analysis. In particular, the data should be examined fo
and outliers Any outliers that are the result ofspurious data as determined by ASME PTC 19.1 should be el

minated

resu

7-4

Its or to expose problems.

INPUTS FOR AN UNCERTAINTY ANALYSIS

To perform an uncertainty analysis for a concentrating solar power (CSP) plant, test inputs are required to estimate the
uncertainty of each of the required measurements. Test inputs are also required to estimate the sensitivity of each of the
required measurements 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 known as precision error, random error varies during repeated measurements due principally
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 known as bias error, systematic error is usually an accumulation of individual errors tha

tare

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 A

PTC 19.1).

SME

7-5 CORRELATED AND UNCORRELATED APPROACHES TO UNCERTAINTY MEASUREMENT

When |isting all sources of uncertainty from different categories, the sources should be defined where possible’so
the uncertainties in the various sources are independent of each other. The parameters and their associated uneertai
are then|considered uncorrelated. When the parameters or the uncertainty in those parameters are noetindepende]
each othér, they are considered correlated. The correlation can be either positive or negative and carnvbe between 0%
100%. There are many situations where systematic errors from some of the parameters are cofrelated. For exar
errors afe correlated when the same instrument is used to measure different parameters, different instrument
calibrateld against the same standard, or similar instruments are used to measure the samgparameter. In these c
some of the systematic errors are said to be correlated and these errors shall be considered‘in the determination o
systematfic uncertainty. For example, a group of potential transformers purchased fromithe’same factory at the same
may exh]bit a characteristic bias resulting from the specific equipment, materials,’and processes used in their m|
facture. $imilar effects may be seen in flow-metering devices, temperature measurement devices, and pressure tf

that
hties
nt of
and
hple,
are
hses,
f the
fime
Anu-
ans-

mitters. [The handling of correlated uncertainties can be difficult. It can b¢ particularly difficult in cases of pqrtial

correlation, because this requires the use of mathematically complex procedures to establish the covariance
such, for most practical applications, the simpler techniques described below should be used to estimate
effects of correlated systematic uncertainties. If the mathematical rélationship of the correlated parameters ca
be redeflned to eliminate the correlations, experience and engineering judgment is required to estimate the de
of correlption. One approach is to use an analysis technique that divides the sources of uncertainty into correl
and uncprrelated categories and to carry out parallel andlyses adding contributions linearly for the correl
sources gnd by root sum square for the uncorrelated soutces as described in ASME PTC 19.1. An alternate appr
is to perform uncertainty analyses based on fully correlated and uncorrelated measurements to establish a ran

7-6 UNCERTAINTY CALCULATIONS

This syibsection details the calculations that shall be completed to determine the systematic and random uncertai
of the mpasurements and result as wellsas‘the combined result uncertainty.

7-6.1 Systematic Standard Uncertainties

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

7-6.1.2 SystematicStandard Uncertainty Due to Spatial Variation, bspatiai. An additional systematic uncertainty|
be attribpited to multiple measurements of a parameter that are spatially distributed. Spatial effects are considered
systematic, not ¢ahdom, and can be evaluated statistically.

Sspatial

bspatial = N (7

. As
the
hnot
oree
ated
hted
bach

ge.

hties

ith a

ted

may
o be

-6-1)

where
J = number of sensors (i.e., spatial measurement locations)
Sspatial = standard deviation of the multiple sensor time-averaged values
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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, sx

The measurement random standard uncertainty is attributable to the nonrepeatability of the measurement system as

follo

WS:

whe

< =

The standard deviation of the sample sy is given by

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

7-6

bati

whe

0)

7-6

and
Alte

The sensitivity coefficients may be numerically determined by using the design model to evaluate the effect d

The combined-uncertainty of the result, Ui for a given parameter is the residual sum of squares value of the sy

>

1]

T M=
o

e

number of sample measurements
average of the measurements over the test period
value of each individual measurement in the sample

SX

S_=
N

3 Sensitivity Coefficients, 0;

n of a single measurement value on thefesult.

_ R
boox;
e
R = change in result
(; = change in measurement
; = sensitivity coefficient for parameter i
4 Combined Uncertainty of the Result, Ug

randomstandard uncertainties of each measurement multiplied by the sensitivity coefficient, 8; for that p4
'nate equivalent formulations are

I

[7
= | ST

i=1
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(7-6-4)
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(7-6-5)
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Ug = tgs X y (bp)* + (sp)? (7-6-8)

systematic standard uncertainty component of a result

\/m (see para. 7-6.1.1)

random standard uncertainty component of a result
random standard uncertainty for parameter i
value of the student’s t

= [uncertainty of the result with 95% confidence interval

sensitivity coefficient for parameter i

ore, the interval within which the true result should lie with 95% confidence is the measured résult 4

64

Ug.


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

ASME PTC 52-2020

NONMANDATORY APPENDIX A
THERMAL ENERGY STORAGE

A-1

A-1]1 Object

All principles, procedures, methods, and definitions in the Code are applicable for this Appendix aswell. The p
this Appendix is to provide procedures, methods, and definitions that are not included in the mdinportion of the

whi

energy storage (TES) systems. See Figures A-1.1-1 and A-1.1-2 for examples of typical direct and indirect TES

OBJECT AND SCOPE

h are relevant for performance testing of the solar-to-thermal conversion systems ‘where they include

irpose of
Code, but
thermal
systems.

It]is intended that accurate instrumentation and measurement techniques shall be-used to determine the following

perfprmance results, as required:

(a
(b
(¢

(d) storage discharging rate

(e
0

A-1

upo
T

NOT
char

App9
temp

A-1

agre

A-2

A-3

TIis Appendixis provided for guidance only and is not aimandatory part of the Code. The specific testing shall }

The methods for calculating.uhcertainty in the Code apply to this Appendix. The acceptable uncertainty value|

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

storage capacity
thermal efficiency
storage charging rate

auxiliary load consumption
thermal losses of storage tanks

2 Scope

between the parties. It is anticipated that this Appendix will eventually be superseded by a specific AS
is Appendix contains methods for conducting(and reporting of performance for hot tank-cold tank TES

cteristics and test parameters, and therefore'\phase change material and thermocline storage systems are not coverj
ndix. Parameters and test methods for these'storage systems, including allowances for items such as chemical degrad
erature hysteresis, shall be agreed upon-between the parties to the test.

3 Uncertainty

ed to by the parties~to-the test.

DEFINITIONS/AND DESCRIPTIONS OF TERMS

GUIDING PRINCIPLES

eagreed
ME PTC.
systems.

E: Phase change material and thermocline storage'system characteristics and test parameters are different from two-tank systems

ed by this
ation and

5 shall be

reareall

short-term performance tests. Multiday performance tests may or may not lnclude TES within the test boundary and are

desc

A-3.

ribed in the main portion of the Code.

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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-1.1-2 Typical Indirect TES Hot Tank-Cold Tank Configuration With Charge and Discharge Heat Excha
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