
FINAL AGENDA

SSPC 41 STANDARD METHODS FOR MEASUREMENTS 
2025 ASHRAE WINTER CONFERENCE
Room: Hilton Orlando 
Clear Lake (Lobby Level)
Orlando FL
Sunday, February 9, 2025
3:30 PM to 5:30 PM Eastern Time
Hybrid Meeting

To access this meeting remotely via Microsoft Teams, click on the link below:
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YjIyMzY1YWYtN2JkMC00NDMxLWExZWEtYjA0NmExYjNiMzNh%40thread.v2/0?context=%7b%22Tid%22%3a%220347d89a-0174-4dd3-adeb-3339c89c35f5%22%2c%22Oid%22%3a%22353d5c89-28ba-4478-a5f9-c02ba16da0b3%22%7d

1. Call to order / Introductions / Establish quorum (17 PCVMs) – Margaret Mathison/Scott Creamer
a. ASHRAE Code of Ethics - Commitment to the ASHRAE Code of Ethics – In this and all other ASHRAE meetings, we will act with honesty, fairness, courtesy, competence, inclusiveness and respect for others, which exemplify our core values of excellence, commitment, integrity, collaboration, volunteerism and diversity, and we shall avoid all real or perceived conflicts of interests. (See full Code of Ethics: http://www.ashrae.org/codeofethics)
b. ASHRAE’s Antitrust policy: ASHRAE agrees to comply with the Antitrust Policy as stated in ANSI Essential Requirements. Antitrust guidelines presentation: https://youtu.be/ykisOzjHyZM.
c. ASHRAE Diversity Commitment:  ASHRAE is committed to providing a welcoming environment. Our culture is one of inclusiveness, acknowledging the inherent value and dignity of everyone. We proactively pursue and celebrate diverse and inclusive communities understanding that doing so fuels better, more creative, and more thoughtful ideas, solutions and strategies for the Society and the communities our Society serves. We respect and welcome all people regardless of age, gender, ethnicity, physical appearance, thought styles, religion, nationality, socioeconomic status, belief systems, sexual orientation or education

2. SPLS Liaison – G. Paliaga

3. Approval Draft SSPC 41 Meeting Minutes – M. Mathison
Motion:  Do you, as an SSPC 41 voting member, approve the draft minutes from the SSPC 41 meeting during the 2024 ASHRAE Summer Conference shown below?


(Note: double-click on the icon above to open the PDF document)

4. Subcommittee Chair’s Reports: 
Subcommittee 41.1, Standard Methods for Temperature Measurement – E. Anderson
Standard 41.1-2024 is published.  Standard 41.1-2024 will be due for periodic maintenance at the 2027 ASHRAE Winter Conference.  

Subcommittee 41.2, Standard Methods for Air Velocity and Airflow Measurement – P. Collins
Standard 41.2-2022 is published. Standard 41.2-2022 Addendum a. and Addendum b. are published. Standard 41.2-2022 is now due for periodic maintenance.  Our options are to Revise, Reaffirm, or Withdraw this standard. The best option is to Revise the standard so that the Addendum a. and Addendum b. changes can be incorporated into the new revision.

Motion:  Do you, as an SSPC 41 voting member, recommend that the ASHRAE Standards Committee approves the revision of Standard 41.3-2022
[bookmark: _Hlk133913371]Note: After this meeting, a continuation letter ballot containing the above motion will be sent to each SSPC 41 voting member who was absent from this meeting, or preferred receive a copy of the continuation letter ballot instead of voting during this meeting, to give each SSPC voting member an opportunity to vote on this motion.

Subcommittee 41.3, Standard Methods for Pressure Measurement – H. Liu
[bookmark: _Hlk152506623][bookmark: _Hlk152487620]Standard 41.3-2022 is published.  Standard 41.3-2022 Addendum a. is published. Standard 41.3‑2022 is now due for periodic maintenance.  Our options are to Revise, Reaffirm, or Withdraw this standard. The best option is to Revise the standard so that the Addendum a. changes can be incorporated into the new revision.

Motion:  Do you, as an SSPC 41 voting member, recommend that the ASHRAE Standards Committee approves the revision of Standard 41.3-2022.

Note: After this meeting, a continuation letter ballot containing the above motion will be sent to each SSPC 41 voting member who was absent from this meeting, or preferred receive a copy of the continuation letter ballot instead of voting during this meeting, to give each SSPC voting member an opportunity to vote on this motion.



Subcommittee 41.4, Standard Methods for Measurement of Proportion for Lubricant in Liquid Refrigerant – J. Douglas
ASHRAE Staff has reaffirmed Standard 41.4-2015 to preserve the ASNI-accreditation.  This means that we cannot publish the next revision of 41.4 until 2026.  However, we are permitted to complete the 41.4-2015R public review process before the end of 2025.  The current status of the Subcommittee 41.4-2015R is that the subcommittee reached consensus on the 41.4-2015R 1st Publication Public Review draft, but the uncertainty example is not yet completed. 
Subcommittee 41.6, Standard Methods for Humidity Measurement – M. Shows
[bookmark: _Hlk139349867][bookmark: _Hlk152505709]Standard 41.6-2021 is published. Standard 41.6-2021 Addendum a.  Subcommittee 41.6-2021R has reached consensus on a working draft to be the 41.6-2021R 1st Publication Public Review Draft.
[bookmark: _Hlk133066662][bookmark: _Hlk133068665][bookmark: _Hlk137549158]Motion:  Do you, as an SSPC 41 voting member, recommend that the ASHRAE Standards Committee approve the 41.6-2021R 1st Publication Public Review Draft shown below?


Note: After this meeting, a continuation letter ballot containing the above motion will be sent to each SSPC 41 voting member who was absent from this meeting, or preferred receive a copy of the continuation letter ballot instead of voting during this meeting, to give each SSPC voting member an opportunity to vote on this motion.

Subcommittee 41.7, Standard Methods for Gas Flow Measurement – J. Scott
[bookmark: _Hlk152505987]Standard 41.7-2021 is published. Standard 41.7-2021 Addendum a. is published on ASHRAE’s website. Subcommittee 41.6-2021R has reached consensus on a working draft to be the 41.7‑2021R 1st Publication Public Review Draft.
Motion:  Do you, as an SSPC 41 voting member, recommend that the ASHRAE Standards Committee approve the 41.7-2021R 1st Publication Public Review Draft shown below?


Note: After this meeting, a continuation letter ballot containing the above motion will be sent to each SSPC 41 voting member who was absent from this meeting, or preferred receive a copy of the continuation letter ballot instead of voting during this meeting, to give each SSPC voting member an opportunity to vote on this motion.

Subcommittee 41.8, Standard Methods for Liquid Flow Measurement – J. Scott
Standard 41.8-2023 is published.  Standard 41.8-2023 Addendum a. is published. Standard 41.8‑2023 will be due for periodic maintenance at the 2026 ASHRAE Winter Conference.  

Subcommittee 41.9, Standard Methods for Refrigerant Mass Flow Measurement Using Calorimeters – M. Perevozchikov
Standard 41.9-2021 is published. Standard 41.9-2021 Addendum a. is published on ASHRAE’s website. Subcommittee 41.9-2021R has reached consensus on a working draft to be the 41.9‑2021R 1st Publication Public Review Draft.
Motion:  Do you, as an SSPC 41 voting member, recommend that the ASHRAE Standards Committee approve the 41.7-2021R 1st Publication Public Review Draft shown below?


Note: After this meeting, a continuation letter ballot containing the above motion will be sent to each SSPC 41 voting member who was absent from this meeting, or preferred receive a copy of the continuation letter ballot instead of voting during this meeting, to give each SSPC voting member an opportunity to vote on this motion.

Subcommittee 41.10, Standard Methods for Refrigerant Mass Flow Measurement Using Flowmeters – P. Collins
Subcommittee 41.10-2024 is published.  Standard 41.10‑2024 will be due for periodic maintenance at the 2027 ASHRAE Winter Conference. 

Subcommittee 41.11, Standard Methods for Power Measurement – M. Todd
Standard 41.11-2023 is published.  Standard 41.11‑2023 will be due for periodic maintenance at the 2026 ASHRAE Winter Conference.

Subcommittee 41.13, Standard Methods for Fuel Higher Heating Value Measurement – R. Hall
Standard 41.13-2023 is published.  Standard 41.13‑2023 will be due for periodic maintenance at the 2026 ASHRAE Winter Conference.

5. Website Status Report – C. Lesnar
The SSPC 41 website is located at http://sspc41.ashraepcs.org

6. SSPC 41 Meetings for the 2025 ASHRAE Annual Conference 
The SSPC 41 meeting at the 2025 ASHRAE Annual Conference will also be a combined in‑person and virtual (hybrid) meeting that will be scheduled for a day and time during the week of the ASHRAE conference.  The SSPC 41 Subcommittee meetings will be interim virtual (Microsoft Teams) meetings that will be scheduled to before the week of the conference.  
 
7. Membership
SSPC 41 membership currently consists of 17 Project Committee Voting Members (PCVMs), 3 Project Subcommittee Voting Members (PSVMs) and 2 Consultants.  PSVMs and Consultants are non-voting members.  Before the term of any member expires, that member can apply to be reappointed at the link below.  Also, anyone who wants to become a new SSPC 41 member needs to apply at the same link below.  Note that only there can be only one PCVM from any organization at any time. 

https://www.ashrae.org/technical-resources/standards-and-guidelines/apply-to-a-project-committee


8. Old Business
9. New Business
Post-test Uncertainty Methods: The current method in ASME PTC 19.1 versus the proposed method – the Monte Carlo method in ASME PTC 19.1.  Terry Beck, Pat Collins and Devendra Kulkarni. 

10. Adjourn

SSPC 41 Meeting Minutes - 25jun24 mm.pdf
MEETING MINUTES

SSPC 41 STANDARD METHODS FOR MEASUREMENTS
2024 ASHRAE ANNUAL CONFERENCE
Room: JW Marriott 206 (2)
Indianapolis IN
Sunday, June 23, 2024
3:30 PM to 5:30 PM Eastern Time
Hybrid Meeting

1. Callto order / Introductions / Establish quorum (18 PCVMs) — Michael Shows/Scott
Creamer

ASHRAE VALUE STATEMENT

In ASHRAE meetings, we will act with honesty, fairness, courtesy, competence, inclusiveness,
and respect for others, which exemplify our core values of excellence, commitment, integrity,
collaboration, volunteerism, and diversity, and shall avoid all real or perceived conflicts of
interest. Our culture is one of inclusiveness, acknowledging the inherent value and dignity of each
individual. We celebrate diverse and inclusive communities, understanding that doing so fuels
better, more creative and more thoughtful ideas, solutions and strategies for the Society and the
communities our Society serves. We respect and welcome all.

Code of Ethics - https://www.ashrae.org/about/governance/code-of-ethics
Core Values - https://www.ashrae.org/about/ashrae-s-core-values
Diversity Statement - https://www.ashrae.org/about/diversity-equity-and-inclusion-dei

13/18 voting members present, quorum established

Attendees:

Name Affiliation SSPC Membership | Present
Erik Anderson Anderson Engineering PCVM

Terry Beck Kansas State University PCVM X
Thomas Butcher E;%g‘r(zg \Sn National PCVM

Pat Collins TFE PCVM X
Scott Creamer Rheem Manufacturing PCVM X
Jim Douglas Imagineering and More PCVM X
Rick Hall Hall Consultants PCVM X
Mark Kedzierski NIST PCVM

Devendra Kulkarni Johnson Controls PCVM X
Orkan Kurtulus Nickola Motor Company PCVM

Chris Lesnar Daikin Applied PCVM X
Hongmei Liang Carrier Corporation PCVM X




https://www.ashrae.org/about/governance/code-of-ethics

https://www.ashrae.org/about/ashrae-s-core-values

https://www.ashrae.org/about/diversity-equity-and-inclusion-dei



Haotian Liu Purdue University PCVM
Margaret Mathison lowa State University PCVM X
Adam Michalson Montana State University PCVM
Michael Perevozchikov Copeland PCVM
Jeanette Scott Natural Resources Canada PCVM
Michael Shows Sanhua Texas Tech. Center PCVM
Voting Members 13
Present
Required for
Quorum 10
Project Subcommittee Voting Members, Consultants, and Guests
Present Name Category Affiliation
Alex Fridlyand PSVM GTI Energy
Joseph Goh PSVM Goodman Manufacturing
Michelle Hull PSVM Trane
Harshad Inamdar PSVM Rheem Manufacturing
Brian McClintock PSVM Daikin Applied
Patrick Riley PSVM Carrier
X Alexander Schmig PSVM Trane / Thermo-king
X Ben Shoenbauer PSVM Cen_ter for Energy and
Environment
Michael Todd PSVM Johnson Controls
Jeffrey Wilms PSVM Johnson Controls Inc.
X Robert Walker Consultant Belimo Aircontrols USA
Chandra Yelamanchili Consultant Johnson Controls
X Russ Tipton Guest VIRTIV
X Jeremy Jwojtak Guest Energy Solution
X Max Livechale Guest KCC Manufacturing
X Pinjala Sai Suchiv Guest Intertek

2. SPLS Liaison — G. Paliaga

Not present






3. Approval Draft SSPC 41 Meeting Minutes — M. Shows
Motion: Do you, as an SSPC 41 voting member, approve the draft minutes from the SSPC 41
meeting during the 2024 ASHRAE Winter Conference shown below?

Michael Shows makes motion to approve minutes, Rick Hall seconds
Motion passes: (13,0,0,5) YES, NO, ABSTAIN, ABSENT

PDF

SSPC 41 Meeting
Minutes 2024 Winter

(Note: double-click on the icon above to open the PDF document)

4. Subcommittee Chair’s Reports:

Subcommittee 41.1, Standard Methods for Temperature Measurement — E. Anderson

Standard 41.1-2024 is published. Standard 41.1-2024 will be due for periodic maintenance at the
2027 ASHRAE Winter Conference. Congratulations to Erik Anderson and his subcommittee
members.

Subcommittee 41.2, Standard Methods for Air Velocity and Airflow Measurement — P. Collins
Standard 41.2-2022 is published. Standard 41.2-2022 Addendum a. and Addendum b. are

published on ASHRAE’s website. Standard 41.2-2022 will be due for periodic maintenance at the
2025 ASHRAE Winter Conference.

Subcommittee 41.3, Standard Methods for Pressure Measurement — R. Hall

Standard 41.3-2022 is published. Standard 41.3-2022 Addendum a. is published on ASHRAE’s
website. Standard 41.3-2022 will be due for periodic maintenance at the 2025 ASHRAE Winter
Conference.

Subcommittee 41.4, Standard Methods for Measurement of Proportion for Lubricant in
Liquid Refrigerant — J. Douglas

Subcommittee 41.4-2015R is in the process of being revised. The goal is for Subcommittee
41.4-2015R to reach consensus on the 1% Publication Public Review draft at the 2025 ASHRAE
Annual Conference.

Informative Note: Like all 41-series standards, Standard 41.4 has ANSI accreditation, which is
expressed as ANSI/ASHRAE Standard 41.4. ANSI accreditation only lasts 10 years and
Standard 41.4 was last published in 2015. To preserve Standard 41.4’s ANSI accreditation, the
ASHRAE Standards Committee will reaffirm Standard 41.4-2015 before the end of 2024. SSPC
41 will not have any involvement in the reaffirmation of Standard 41.4-2015.

Excellent progress is being made to revise the standard that includes new lubricant sampling
apparatus.





Subcommittee 41.6, Standard Methods for Humidity Measurement — M. Shows

Standard 41.6-2021 is published. Standard 41.6-2021 Addendum a. is published on ASHRAE’s
website. Standard 41.6-2021R is now being revised. The goal is to reach consensus on the
41.6-2021R 1% Publication Public Review draft at the 2025 ASHRAE Annual Conference.

Subcommittee 41.7, Standard Methods for Gas Flow Measurement — J. Scott

Standard 41.7-2021 is published. Standard 41.7-2021 Addendum a. is published on ASHRAE’s
website. Standard 41.7-2021R is now in the process of being revised. The goal is to reach
consensus on the 41.7-2021R 1% Publication Public Review draft at the 2025 ASHRAE Annual
Conference.

Subcommittee 41.8, Standard Methods for Liquid Flow Measurement — J. Scott

Standard 41.8-2023 is published. The steady-state equations in Standard 41.8-2023 are not the
latest versions of the steady-state equations. Standard 41.8-2023 Addendum a., proposed below,
contains the latest versions of the steady-state equations so that users of Standard 41.8-2023 will
be able to use the latest versions of the steady-state equations until the next revision of Standard
41.8-2023 is published.

Motion: Do you, as an SSPC 41 voting member, recommend that the ASHRAE Standards
Committee approves Standard 41.8-2023 Addendum a. for public review?

J. Scott makes motion to approve, Rick H seconds motion.

o=

41.8-2023
Addendum a.-17jun2-

(Note: double-click on the icon above to open the Word document)

The vote during the meeting was (13,0,0,5) YES, NO, ABSTAIN, ABSENT
After this meeting, a Continuation Letter Ballot will be sent to all of the SSPC 41 voting members

who are absent from this meeting to give all voting members an opportunity to vote on this
motion.

Subcommittee 41.9, Standard Methods for Refrigerant Mass Flow Measurement Using
Calorimeters — M. Perevozchikov

Standard 41.9-2021 is published. Standard 41.9-2021 Addendum a. is published on ASHRAE’s
website. Standard 41.9-2021R is now in the process of being revised. The goal is to reach
consensus on the 41.9-2021R 1% Publication Public Review draft at the 2025 ASHRAE Annual
Conference.






Subcommittee 41.10, Standard Methods for Refrigerant Mass Flow Measurement Using
Flowmeters — P. Collins

Subcommittee 41.10-2024 is published. Standard 41.10-2024 will be due for periodic
maintenance at the 2027 ASHRAE Winter Conference. Congratulations to Pat Collins and his
subcommittee members.

Subcommittee 41.11, Standard Methods for Power Measurement — M. Todd

Standard 41.11-2023 is published. Standard 41.11-2023 will be due for periodic maintenance at
the 2026 ASHRAE Winter Conference.

Subcommittee 41.13, Standard Methods for Fuel Higher Heating Value Measurement — R.
Hall

Standard 41.13-2023 is published. Standard 41.13-2023 will be due for periodic maintenance at
the 2026 ASHRAE Winter Conference.

Website Status Report — C. Lesnar

The SSPC 41 website is located at http://sspc4l.ashraepcs.org
The “members-only” portion of the SSPC 41 website is now up to date.

SSPC 41 Meetings for the 2025 ASHRAE Winter Conference

The SSPC 41 meeting at the 2025 ASHRAE Winter Conference will also be a combined
in-person and virtual (hybrid) meeting that will be scheduled for a day and time during the week
of the ASHRAE conference. The SSPC 41 Subcommittee meetings will be virtual (Microsoft
Teams) meetings that will be scheduled to occur before the week of the conference.

Rick said that there are 3 active 41-series Subcommittees (41.6, 41.7, and 41.9). Each of these 3
revision subcommittees plan to have 2 virtual interim meetings before the 2025 ASHRAE Winter
Conference. A Doodle Poll will be conducted for each meeting to identify the day and time that
the most Subcommittee members can attend.

Old Business

New Business

Rick thanked Michael Shows for serving as the SSPC 41 Chair for the past 5 years.

Parl]t Collins said that we should also formally recognize Margaret Mathison as the new SSPC 41
Chair.

Membership — Those SSPC 41 members that are at the end of their term must reapply on the
ASHRAE website if they want to be reappointed for another term.

Adjourn

Jim Douglas makes motion to adjourn.



http://sspc41.ashraepcs.org/




image2.emf
41.6-2021R First  Publication Public Review Draft-25oct24.docx


41.6-2021R First Publication Public Review Draft-25oct24.docx
[bookmark: _Toc366765146]For comments, suggestions, or questions, contact:

Michael Shows, Chair 

E-mail: Michael.Shows@sanhuausa.com
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© 10/25/24 ASHRAE	

This is a working draft document intended for review only by the cognizant ASHRAE groups and other designated reviewers and is not for distribution to any private interests, individuals or third parties that are not designated as ASHRAE reviewers for this document. 

This document may not be distributed in whole or in part in either paper or electronic form outside of the PC without the express permission of the MOS and shall include a statement indicating such. 

The appearance of any technical data or editorial material in this draft document does not constitute endorsement, warranty or guaranty by ASHRAE of any product, service, process, procedure, design, or the like, and ASHRAE expressly disclaims such. 




(This foreword is not part of this standard. It is merely informative and does not contain requirements necessary for conformance to the standard. It has not been processed according to the ANSI requirements for a standard and may contain material that has not been subject to public review or a consensus process. Unresolved objectors on informative material are not offered the right to appeal at ASHRAE or ANSI.)

FOREWORD

Compared to the 2014 version, this updated version includes (a) an improved method for determining when steady-state operation has been achieved for data recording, (b) changes to make it easier for higher-tier standards to adopt this standard by reference, and (c) a new uncertainty example prepared in accordance with the latest uncertainty methods.  This revision of ASHRAE 41.6-2014 meets ASHRAE’s mandatory language requirements.

[bookmark: _Hlk44506839]This update to the 2021 version includes updates to make it easier for the higher tier ASHRAE standards to adopt this standard by reference, an update of the steady-state criteria requirements, and an update of the uncertainty requirements.  

This revision of ASHRAE 41.6-2021 meets ASHRAE’s mandatory language requirements.

Selecting an appropriate psychrometer or hygrometer can be a daunting task given the wide variety of operating principles, measurement precision, and costs. Whether humidity measurements are to be taken in a laboratory or in the field, selecting the appropriate hygrometer should be based on the required measurement accuracy. 

Users need to (a) construct a psychrometer or hygrometer in accordance with the specifications defined in this in this standard, (b) select a psychrometer or hygrometer from commercial products, or (c) obtain a psychrometer or hygrometer from other sources.  Next, the user may need to consult with the source of the a psychrometer or hygrometer regarding installation specifics, operating range limits, calibration limits, and other similar specifics in order to obtain the expected measurement accuracy or uncertainty.



1. [bookmark: _Toc366765147][bookmark: _Hlk161149092]PURPOSE

This standard prescribes methods for measuring the humidity of moist air with instruments.



2. [bookmark: _Toc366765148]SCOPE

2.1. This standard applies to the measurement of humidity of moist air from sea level to 3048 m (10,000 ft), and within the dry-bulb temperature range of -50°C to 160°C (-58°F to 320°F), and within the dew point temperature range of -50°C to 99°C (-58°F to 210°F).

2.2. This standard applies to methods for the measurement of wet-bulb temperature, dew-point temperature, and relative humidity.

2.3 This standard requires determining the uncertainty of direct humidity measurements due to various sources of errors.

3. [bookmark: _Toc366765149]DEFINITIONS

accuracy: the degree of conformity of an indicated value to the corresponding true value. 

error: the difference between the test result and its corresponding true value.

frost point:  the temperature where visible frost forms on a surface being chilled.

humidity: the moisture content of an air/water mixture

absolute humidity: in a mixture of water vapor and dry air, the ratio of the mass of water vapor to the total volume of the sample.

relative humidity: 

a. ratio of the partial pressure of water vapor to the saturation pressure in a given moist air sample at the same dry bulb temperature. 

b. ratio of the density of water vapor to the air density at the same dry-bulb temperature and ambient air barometric pressure.

c. ratio of the mole fraction of water vapor to the mole fraction of water vapor saturated at the same temperature and barometric pressure.

hygrometer: an instrument used to measure humidity in the atmosphere.

measurement system: the instruments, signal conditioning systems if any, and data acquisition system if any.

[bookmark: _Hlk8280735]operating tolerance limit: the upper or lower value of an operating tolerance that is associated with a test point or a targeted set point.

post-test uncertainty: an analysis to establish the uncertainty of a test result after conducting the test.



pretest uncertainty: an analysis to establish the expected uncertainty interval for a test result before conducting the test.

psychrometer: an instrument used to determine the humidity of air by simultaneously measuring the wet-bulb and dry-bulb temperatures.  

random error: the portion of the total error that varies randomly in repeated measurements of the true value throughout a test process.

repeatability: the closeness of agreement among repeated measurements of the same characteristic under the same conditions by the same instrument.

steady-state criteria: the criteria that establish negligible change of wet-bulb temperature, dewpoint temperature, or relative humidity with time.

steady-state criteria: the criteria that establish negligible change of humidity with time.

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

targeted set point: a specific set of test conditions where the required humidity or humidity difference is known and has an associated operating tolerance. 





Temperature temperature measurement: 

a. adiabatic saturation temperature: the saturation temperature where moist air is adiabatically cooled by evaporation of water at the same temperature into the moist air.  Also known as thermodynamic wet-bulb temperature. 

b. dew-point temperature: the temperature where water vapor has reached the saturation point (100% relative humidity).

c. temperature depression: the difference between the dry-bulb and wet-bulb temperature. 

d. dry-bulb temperature: the temperature indicated by a temperature sensor after correction for radiation errors.

e. wet-bulb temperature: the temperature where evaporating water changes the air adiabatically to saturation at the same temperature. 

f. true wet-bulb temperature: the temperature indicated by a thermometer covered with a water-saturated wick where the convective heat gain directly balances out the evaporative heat loss.  

test point: a specific set of test operating conditions for recording data where the measured humidity or humidity difference is unknown and has an associated operating tolerance.

true value: the unknown, error-free value of a test result.

[bookmark: _Toc366765150]uncertainty: a measure of the potential error in a measurement that reflects the lack of confidence in the result to a specified level. 

uncertainty: the limits of error within which the true value lies.

unit under test (UUT):  equipment that is subjected to humidity measurements. 

The previous meeting discussions ended here



4 CLASSIFICATIONs

4.1 Humidity Measurement Methods. Humidity measurement methods that are within the scope of this standard are the methods that are listed below and are described in Section 7.

a. Aspirated Wet-Bulb Psychrometer. 

b. Chilled Mirror Dew-Point Sensor.

c. Polymer Film Electronic Hygrometer.

d. Porous Ceramic Electronic Hygrometer.

e. Polymer Film Electronic Hygrometer.

f. Aluminum Oxide Hygrometer.

g. Silicon Sensor Hygrometer.

h. Dunmore Hygrometer

i. Electrolytic Hygrometer.

j. Ion Exchange Resin Electric Hygrometer.

[bookmark: _Toc366765151]

Informative Note:  Typical accuracies and the typical operating ranges for these humidity measurement methods are provided in Informative Appendix D, Table D-1.



4.2 Humidity Measurement Applications.  Humidity measurement applications that are within the scope of this standard shall be classified as one of the types in Section 4.2.1 and 4.2.2.



4.2.1 Laboratory Applications. Humidity measurements under laboratory conditions are engineering development-tests or tests to determine product performance. 

Informative Note: Laboratory humidity measurements tend to use more accurate instruments than field measurements, and the installation of those instruments normally meet meets the instrument manufacturer’s installation requirements.

4.2.2 Field Applications. Humidity measurements under field conditions are tests to determine installed system humidity value. 

Informative Note: Field humidity measurements tend to use less accurate instruments than laboratory measurements, and the installation of those instruments often do not meet the instrument manufacturer’s installation requirements.  



5 requirements

5.1 Test Plan.  The test plan shall be one of the following options:

a.	A document provided by the person or the organization that authorized the tests and calculations to be performed. 

b.	A method of test standard. 

c.	A rating standard.

d. 	A regulation or code.

e.    A combination of items a. through d.

The test plan shall specify: 

a. The humidity measurement system accuracy. 

The values to be determined and recorded that are selected from this list: wet-bulb temperature, dew-point temperature, relative humidity, wet-bulb temperature measurement uncertainty, dew-point temperature measurement uncertainty, and relative humidity uncertainty. 

a. The minimum value for the accuracy or the maximum value of the measurement uncertainty of the humidity measurement system over the full range of operating conditions. 

b. The values to be determined and recorded that are to be selected from this list: wet-bulb temperature, pretest wet-bulb temperature uncertainty, post-test wet-bulb temperature uncertainty, dew-point temperature, pretest dew-point temperature uncertainty, post-test dew-point temperature uncertainty, relative humidity, pretest relative humidity uncertainty, post-test relative humidity uncertainty.

c. Any combination of test points and targeted set points to be performed together with operating tolerances.  



5.2 Values to Be Measured and Reported if Specified in the Test Plan in Section 5.1

[bookmark: _Hlk8572135]5.2.1 Humidity.  Humidity shall be measured using one of the following three measured humidity variables: 

a. Wet-bulb Temperature, °C (°F), at a given absolute pressure and at a given dry bulb temperature

b. Dew-point Temperature, °C (°F), at a given absolute pressure

c. Relative Humidity (RH), % ×100%, dimensionless, at a given absolute pressure and a given dry bulb temperature

(Informative Note: Section 5.2.1 items (a), (b), and (c) are measurable humidity variables – more than 60 humidity properties, including humidity ratio, can be calculated from these measurable humidity variables.)

5.2.2 Pretest Uncertainty Analysis. If required by the test plan in Section 5.1, perform an analysis to establish the expected uncertainty for each humidity test point prior to the conduct of that test in accordance with the pretest uncertainty analysis procedures in ASME PTC 19.11.

5.2.3 Post-test Uncertainty Analysis. If required by the test plan in Section 5.1, perform an analysis to establish the humidity measurement for each humidity test point in accordance with the post-test uncertainty analysis procedures in ASME PTC 19.11.  Alternatively, if specified in the test plan, the worst-case uncertainty for all test points shall be estimated and reported for each test point.

[bookmark: _Hlk160196259]5.3 Steady-State Test Criteria.  Humidity test data shall be recorded at steady-state conditions unless otherwise if specified in the test plan in Section 5.1.  

5.3.1 Steady-State Test Criteria Under Laboratory Test Conditions.  If the test plan requires humidity test data points to be recorded at steady-state test conditions and provides the operating condition tolerance but does not specify the steady-state criteria, then determine that steady-state test conditions have been achieved by applying one of the methods that are described in:  

a. Section 5.3.3, “Steady-State Test Criteria for Wet-Bulb Temperature Measurements,” Steady-State Test Criteria for Wet-Bulb Temperature Measurements,

b. Section 5.3.4, “Steady-State Test Criteria for Dew-Point Temperature Measurements,”, or Steady-State Test Criteria for Dew-Point Temperature Measurements, or

c. Section 5.3.5, “Steady-State Test Criteria for Relative Humidity Temperature Measurements.”  Steady-State Test Criteria for Relative Humidity Temperature Measurements.

5.3.2 Steady-State Test Criteria Under Field Test Conditions.  If the test plan humidity test data points to be recorded at steady-state test conditions and provides the operating condition tolerance but does not specify the steady-state criteria, then the methods in Section 5.3.1 are optional.

(Informative Note: The steady-state methods in Section 5.3.1 are likely to be impractical under field test conditions.  Under these circumstances, the user may want to select another method to determine the conditions for field test data to be recorded.)

5.3.3 Steady-State Test Criteria for Wet-bulb Temperature Measurements 

d. Apply the steady-state criteria in Section 5.3.3.1 if the test plan provides test points for wet-bulb temperature measurement.

e. Apply the steady-state criteria in Section 5.3.3.2 if the test plan provides targeted set points for wet-bulb temperature measurement.

5.3.3.1 Steady-State Wet-bulb Temperature Criteria for Test Points

Starting with the time set to zero, sample not less than 30 wet-bulb temperature measurements  at equal time intervals  over a test duration  where  is in time units.   Equation 5-1 states the relationship of the test duration to the number of wet-bulb temperature samples and the equal time intervals.

 					(5-1)

[bookmark: _Hlk8281079](Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed wet-bulb temperature fluctuations during operation near the steady-state conditions.)

Record each sampled wet-bulb temperature measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the wet-bulb temperature data trend line illustrated in Figure 1 using Equation 5-2.

				(5-2)

(Informative Note: It should be noted that the units for the slope in Equation 5-2 are wet-bulb temperature, °C (°F), divided by the units that the user has selected for time.)	

(Delete Figure 1)

[image: ]

FIGURE 1: Graphical illustration of the method for determining wet-bulb temperature criteria for test points 

Determine the mean offset µ of the sampled data using Equation 5-3, and then calculate the standard deviation  using Equation 5-4.

  °C (°F)					(5-3)

  °C (°F)				(5-4)

The mean of the sampled wet-bulb temperatures  is defined by Equation 5-3.

  °C (°F)					(5-3)

, as determined by Equation 5-5, represents the steady-state mean wet-bulb temperature provided that one of the following criteria is satisfied:

a. Apply Equation 5-6 if  where  is the specified operating tolerance limit for wet-bulb temperature, and if Equation 5-6 is satisfied by not less than 95% of the sampled wet-bulb temperatures.



	°C (°F)					(5-6)



b. Apply Equation 5-7 if  where  is the specified operating tolerance limit for wet-bulb temperature, and if Equation 5-7 is satisfied by not less than 95% of the sampled wet-bulb temperatures.

	°C (°F)						(5-7)

[bookmark: _Hlk125028158]The difference between the maximum and minimum sampled values shall be less than or equal to the specified operating tolerance limit as defined in Equation 5-4 where  is the operating tolerance limit.

 , °C (°F)				(5-4)



The restriction on the slope of the trend line  is defined in Equation 5-5 where is the sample time interval.

 , °C (°F)					(5-5)

, as determined by Equation 5-3, represents the steady-state mean wet-bulb temperature where Equations 5-4 and 5‑5 are both satisfied.

(Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex A – Bibliography items A1 and A2.)



5.3.3.2 Steady-State Wet-bulb Temperature Criteria for Targeted Set Points

Starting with the time set to zero, sample not less than 30 wet-bulb temperature measurements  at equal time intervals  over a test duration  where  is in time units. Equation 5-8 5-6 states the relationship of the test duration to the number of samples and the equal time intervals.

  					(5-8 5-6)

(Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed wet-bulb temperature fluctuations during operation near the steady-state conditions.)

[bookmark: _Hlk160197097]Record each sampled wet-bulb temperature measurement, , and the corresponding time, . Apply the least-squares line method to determine the slope b of the wet-bulb temperature data trend line illustrated in Figure 2 using Equation 5-9 5-7.

					(5-9 5-7) 

(Informative Note: It should be noted that the units for the slope in Equation 5-9 5-7 are temperature, °C (°F), divided by the units that the user has selected for time.)	

(Delete Figure 2) 

[image: ]

FIGURE 2: Graphical illustration of the method for determining wet-bulb temperature criteria for targeted set points

Determine the mean offset µ of the sampled data using Equation 5-10, and then calculate the standard deviation  using Equation 5-11.

	 °C (°F)					(5-10)

  °C (°F)				(5-11)

[bookmark: _Hlk160197273]The mean of the sampled wet-bulb temperatures  is defined by Equation 5-12 5-8.

  °C (°F)					(5-12 5-8)

A tolerance on the fluctuations about the trend line represents a limit on the fluctuation level relative to the trend line of the sampled data. If the tolerance of fluctuations about the trend line is not specified in the test plan, the bounds for a 95% confidence limit for the fluctuations about the trend line shall then be determined according to Equation 5-13.

	°C (°F)				(5-13)

The steady-state condition of the set point wet-bulb temperature, , exists (a) where Equation 5-14 is satisfied by not less than 95% of the sampled wet-bulb temperatures whereis the operating tolerance limit for wet-bulb temperature

°C (°F)				(5-14)

(b) where

0.50    0.50    °C (°F)			(5-15)

and (c) where 

	0.50	°C (°F)				(5-16)

[bookmark: _Hlk139693367]The difference between the maximum and minimum sampled values shall be less than or equal to the specified operating tolerance limit as defined in Equation 5-9 where  is the operating tolerance limit.

 , °C (°F)				(5-9)



The restriction on the slope of the trend line  is defined in Equation 5-10 where is the sample time interval.

 , °C (°F)					(5-10)

[bookmark: _Hlk139693771]The difference between the test condition and mean of the sampled values shall be less than or equal to half of the specified operating tolerance limit as defined in Equation 5-11 where  is the set point wet-bulb temperature and is the operating tolerance limit.

  °C (°F)				(5-11)

, as determined by Equation 5-8, represents the steady-state mean wet-bulb temperature where Equations 5-9, 5‑10, and 5‑11 are all satisfied.



(Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex A – Bibliography items A1 and A2.)



5.3.4 Steady-State Test Criteria for Dew-Point Temperature Measurements

a. Apply the steady-state criteria in Section 5.3.4.1 if the test plan provides test points for dew-point temperature measurement.

b. [bookmark: _Hlk160199809]Apply the steady-state criteria in Section 5.3.4.2 if the test plan provides targeted set points for dew-point temperature measurement.

5.3.4.1 Steady-State Dew-point Temperature Criteria for Test Points

[bookmark: _Hlk160199896][bookmark: _Hlk160200079]Starting with the time set to zero, sample not less than 30 dew-point temperature measurements  at equal time intervals  over a test duration  where  is in time units.   Equation 5-17 5-12 states the relationship of the test duration to the number of dew-point temperature samples and the equal time intervals.

 					(5-17 5-12)

(Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed dew point temperature fluctuations during operation near the steady-state conditions.)

[bookmark: _Hlk160200110]Record each sampled dew-point temperature measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the dew-point temperature data trend line illustrated in Figure 3 using Equation 5-18 5-13.

				(5-18 5-13)

(Informative Note: It should be noted that the units for the slope in Equation 5-18 5-13 are temperature, °C (°F), divided by the units that the user has selected for time.)

(Delete Figure 3)

[image: ]

FIGURE 3: Graphical illustration of the method for determining dew-point temperature criteria for test points

Determine the mean offset µ of the sampled data using Equation 5-19, and then calculate the standard deviation  using Equation 5-20.

  °C (°F)					(5-19)

  °C (°F)				(5-20)

[bookmark: _Hlk160200296]The mean of the sampled dew-point temperatures  is defined by Equation 5-21 5-14.

  °C (°F)					(5-21 5-14)

, as determined by Equation 5-21 5-14, represents the steady-state mean dew-point temperature provided that one of the following criteria is satisfied:

a. Apply Equation 5-22 if  where  is the specified operating tolerance limit for dew-point temperature, and if Equation 5-22 is satisfied by not less than 95% of the sampled dew-point temperatures.



	°C (°F)					(5-22)



b. Apply Equation 5-23 if  where  is the specified operating tolerance limit for dew-point temperature, and if Equation 5-23 is satisfied by not less than 95% of the sampled dew-point temperatures.

[bookmark: _Hlk127341040]The difference between the maximum and minimum sampled values shall be less than or equal to the specified operating tolerance limit as defined in Equation 5-15 where  is the operating tolerance limit.

 , °C (°F)			(5-15)

[bookmark: _Hlk127782733]The restriction on the slope of the trend line b is defined in Equation 5-16 where   is the sample time interval.

  °C (°F)			(5-16)

, as determined by Equation 5-14, represents the steady-state mean  dew-point temperature where Equations 5-15 and 5‑16 are both satisfied.



(Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex A – Bibliography items A1 and A2.)



5.3.4.2 Steady-State Dew-point Temperature Criteria for Targeted Set Points

[bookmark: _Hlk160200621]Starting with the time set to zero, sample not less than 30 dew-point temperature measurements  at equal time intervals  over a test duration  where  is in time units. Equation 5-24 5-17 states the relationship of the test duration to the number of samples and the equal time intervals.

  					(5-24 5-17)

[bookmark: _Hlk160250063](Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed dew point temperature fluctuations during operation near the steady-state conditions.)

[bookmark: _Hlk160200681]Record each sampled dew-point temperature measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the dew-point temperature data trend line illustrated in Figure 4 using Equation 5-25 5-18.

				(5-25 5-18)

(Informative Note: It should be noted that the units for the slope in Equation 5-25 5-18 are dew point temperature, °C (°F), divided by the units that the user has selected for time.)

(Delete Figure 4)

[image: ]

FIGURE 4: Graphical illustration of the method for determining dew-point temperature criteria for targeted set points

Determine the mean offset µ of the sampled data using Equation 5-26, and then calculate the standard deviation  using Equation 5-27.

	 °C (°F)					(5-26)

  °C (°F)				(5-27)

The mean of the sampled dew-point temperatures  is defined by Equation 5-28 5-19.

  °C (°F)					(5-28 5-19)

A tolerance on the fluctuations about the trend line represents a limit on the fluctuation level relative to the trend line of the sampled data. If the tolerance of fluctuations about the trend line is not specified in the test plan, the bounds for a 95% confidence limit for the fluctuations about the trend line shall then be determined according to Equation 5-29.

	°C (°F)				(5-29)



The steady-state condition of the set point dew-point temperature  exists (a) where Equation 5-30 is satisfied by not less than 95% of the sampled dew-point temperatures whereis the operating tolerance limit for dew-point temperature

°C (°F)			(5-30)

(b) where

0.50    0.50    °C (°F)			(5-31)

and (c) where 

	0.50	°C (°F)					(5-32)

The difference between the maximum and minimum sampled values shall be less than or equal to the specified operating tolerance limit as defined in Equation 5-20 where  is the operating tolerance limit.

  °C (°F)					(5-20)

The restriction on the slope of the trend line b is defined in Equation 5-21 where is the sample time interval.

  °C (°F)				(5-21)

The difference between the test condition and mean of the sampled values shall be less than or equal to half of the specified operating tolerance limit as defined in Equation 5-22 where  is the set point dew- point temperature and   is the operating tolerance limit.

  °C (°F)				(5-22)



, as determined by Equation 5-19, represents the steady-state mean dew-point temperature where Equations 5-20, 5‑21, and 5-22 are all satisfied.

[bookmark: _Hlk160201155](Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex A – Bibliography items A1 and A2.)



5.3.5 Steady-State Test Criteria for Relative Humidity Measurements

a. Apply the steady-state criteria in Section 5.3.5.1 if the test plan provides test points for relative humidity measurement.

b. Apply the steady-state criteria in Section 5.3.5.2 if the test plan provides targeted set points for relative humidity measurement.

5.3.5.1 Steady-State Relative Humidity Criteria for Test Points

Starting with the time set to zero, sample not less than 30 relative humidity measurements  at equal time intervals  over a test duration  where  is in time units.   Equation 5-33 5-23 states the relationship of the test duration to the number of relative humidity samples and the equal time intervals.

 					(5-33 5-23)

(Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed dew point temperature fluctuations during operation near the steady-state conditions.)

Record each sampled relative humidity measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the relative humidity data trend line illustrated in Figure 5 using Equation 5-34 5-24.

					(5-34 5-24)

(Informative Note: It should be noted that the units for the slope in Equation 5-34 5-24 are relative humidity, % ×100%, dimensionless, divided by the units that the user has selected for time.)



(Delete Figure 5)

[image: ]

FIGURE 5: Graphical illustration of the method for determining relative humidity criteria for test points

Determine the mean offset µ of the sampled data using Equation 5-35, and then calculate the standard deviation  using Equation 5-36.

  %					(5-35)

  %				(5-36)

[bookmark: _Hlk8896418]The mean of the sampled relative humidities  is defined by Equation 5-37 5-25.

[bookmark: _Hlk160250160]  % ×100%, dimensionless					(5-37 5-25)

, as determined by Equation 5-42, represents the steady-state mean relative humidity provided that one of the following criteria is satisfied:

a. Apply Equation 5-43 if  where  is the specified operating tolerance limit for relative humidity, and if Equation 5-38 is satisfied by not less than 95% of the sampled relative humidities.



  %					(5-38)



b. Apply Equation 5-39 if  where  is the specified operating tolerance limit for relative humidity, and if Equation 5-39 is satisfied by not less than 95% of the sampled relative humidities.

  %					(5-39)

The difference between the maximum and minimum sampled values shall be less than or equal to the specified operating tolerance limit as defined in Equation 5-26 where  is the operating tolerance limit.

[bookmark: _Hlk160249373] ×100%, dimensionless				(5-26)

The restriction on the slope of the trend line b is defined in Equation 5-27 where   is the sample time interval.

 %, dimensionless			(5-27)

, as determined by Equation 5-25, represents the steady-state mean relative humidity where Equations 5-26 and 5‑27 are both satisfied.



(Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex A – Bibliography items A1 and A2.)



5.4.5.2 Steady-State Relative Humidity Criteria for Targeted Set Points

[bookmark: _Hlk160249452]Starting with the time set to zero, sample not less than 30 relative humidity measurements  at equal time intervals  over a test duration  where  is in time units. Equation 5-40 5-28 states the relationship of the test duration to the number of samples and the equal time intervals.

  					(5-40 5-28)

Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed relative humidity fluctuations during operation near the steady-state conditions.

Record each sampled relative humidity measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the relative humidity data trend line illustrated in Figure 6 using Equation 5-41 5-29.

				(5-41 5-29) 

(Informative Note: It should be noted that the units for the slope in Equation 5-41 5-29 are relative humidity, %, %, dimensionless divided by the units that the user has selected for time.)

(Delete Figure 6)

[image: ]

FIGURE 6: Graphical illustration of the method for determining relative humidity criteria for targeted set points 

Determine the mean offset µ of the sampled data using Equation 5-42, and then calculate the standard deviation  using Equation 5-43.

  %					(5-42)

  %				(5-43)

The mean of the sampled relative humidities  is defined by Equation 5-44 5-30.

  %  %, dimensionless			(5-44 5-30)

A tolerance on the fluctuations about the trend line represents a limit on the fluctuation level relative to the trend line of the sampled data. If the tolerance of fluctuations about the trend line is not specified in the test plan, the bounds for a 95% confidence limit for the fluctuations about the trend line shall then be determined according to Equation 5-45.

	%				(5-45)

The steady-state condition of the set point relative humidity  exists (a) where Equation 5-46 is satisfied by not less than 95% of the sampled relative humidities whereis the operating tolerance limit for relative humidity

%				(5-46)

(b) where

0.50    0.50   %				(5-47)

and (c) where 

	0.50	%					(5-48)

The difference between the maximum and minimum sampled values shall be less than or equal to the specified operating tolerance limit as defined in Equation 5-31 where  is the operating tolerance limit.

  %, dimensionless			(5-31)

The restriction on the slope of the trend line b is defined in Equation 5-32 where is the sample time interval.

  %, dimensionless			(5-32)

The difference between the test condition and mean of the sampled values shall be less than or equal to half of the specified operating tolerance limit as defined in Equation 5-33 where  is the set point relative humidity and   is the operating tolerance limit.

 %, dimensionless			(5-33)



, as determined by Equation 5-30, represents the steady-state mean relative humidity where Equations 5-31, 5‑32, and 5-33 are all satisfied.



(Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex A – Bibliography items A1 and A2.)



5.4 Unsteady Humidity Measurements.  If required by the test plan in Section 5.1, humidity test data shall be recorded:

a. at operating conditions that are not steady state, 

b. at the time intervals specified in the test plan,

c. within the test condition limits specified in the test plan, and

d. using instrument response times specified in the test plan.





[bookmark: _Toc366765152]6. instruments and calibration

6.1. Instrumentation Requirements for All Measurements

6.1.1 Instruments and data acquisition systems shall be selected to meet the measurement system accuracy or the uncertainty specified in the test plan in Section 5.1.

6.1.2 Measurements from the instruments shall be traceable to primary or secondary standards calibrated by the National Institute of Standards and Technology (NIST) or to the Bureau International des Poids et Mesures (BIPM) if a National Metrology Institute (NMI) other than NIST is used.  In either case, the indicated corrections shall be applied to meet the uncertainty stated in subsequent sections. Instruments shall be recalibrated on regular intervals that do not exceed the intervals prescribed by the instrument manufacturer and calibration records shall be maintained. Instruments shall be installed in accordance with the instrument manufacturer’s requirements or the manufacturer’s accuracy does not apply.

(Informative Note: For further reading, ISO/IEC 17025, General Requirements for the Competence of Testing and Calibration LaboratoriesA3, defines good test laboratory practices.)

6.1.3 Instruments shall be applied and used in accordance with the following standard:

a. Temperature: ANSI/ASHRAE 41.11 41.12

b. Pressure: ANSI/ASHRAE 41.32 41.33

6.6 Time Measurements

Time measurement system accuracy shall be within ±0.5% of the elapsed time measured, including any uncertainty associated with starting and stopping the time measurement unless (a) otherwise specified in the test plan in Section 5.1, or (b) a different value for time measurement system accuracy is required to be consistent with the humidity measurement system accuracy specified in the test plan.



7. [bookmark: _Toc278787770]HUMIDITY MEASUREMENT METHODS

7.1 [bookmark: _Hlk43213278][bookmark: _Hlk3444252]Aspirated Wet-Bulb Psychrometer. ASHRAE Research Report RP-14603 RP-14604 provides design specifications for a wet-bulb aspirator apparatus that measures wet-bulb temperatures in a device that is operating at a constant velocity of 3.5±0.18 0.25 m/s (690±50 ft/min) with a minimum adiabatic saturation temperature uncertainty of ±0.05°C (±0.09°F).  

(Informative Notes:  Prior to testing, check to be sure that the measured wet-bulb temperatures (when dry) and dry-bulb temperatures agree within the operating tolerance that is provided in the test plan.) 

7.2 Chilled Mirror Dew-Point Hygrometer.  Chilled mirror dew-point hygrometers directly measure the dew point and frost point for a moist air sample.  The methods for chilling the mirror include (a) evaporation of solvent, (b) adiabatic expansion of gases, (c) direct and indirect contact with refrigerants, and (d) by Peltier cooling. A platinum resistance temperature detector (RTD), a thermistor, or a thermocouple is placed in direct contact with the chilled mirror to measure surface temperature. 

7.3 Polymer Film Hygrometer. The sensing element in a polymer film hygrometer consists of a hygroscopic organic polymer deposited with thin or thick film-processing technology onto a water-permeable substrate. There are two types of polymer film hygrometers: capacitance and impedance.  The impedance-type devices are either ionic or electrical conduction types.

7.4 Aluminum Oxide Hygrometer. The sensor in an aluminum oxide hygrometer consists of an aluminum strip that is anodized to provide a porous oxide layer. A very thin coating of gold is evaporated over this structure. The aluminum base and the gold layer form the two electrodes of an aluminum oxide capacitor that is sensitive to the vapor pressure of water.  Ionic conduction is produced by dissociation of water molecules forming surface hydroxides. This dissociation causes migration of protons such that device impedance decreases with increasing water content.

7.5 Porous Ceramic Hygrometer. Porous ceramic hygrometers use either ionic or electrical measurement techniques to relate adsorbed water to relative humidity. Ionic conduction is produced by dissociation of water molecules forming surface hydroxides. This dissociation causes migration of protons such that device impedance decreases with increasing water content. The ceramic oxide is sandwiched between porous metal electrodes that connect the device to an impedance-measuring circuit for linearizing and signal conditioning. 

7.6 Silicon Sensor Hygrometer.  The sensing element is a semiconductor that acts as a moisture detector. Moisture in the air sample is detected as an impedance change that is a function of the vapor pressure of water in the sample air.

The silicon sensor is equipped with a heating element that is used to remove water and contaminants from the sensor and for diagnostic purposes. An optional temperature sensor is used to provide feedback for temperature control and to eliminate errors caused by variations in ambient and air sample temperatures.

7.7 Dunmore Hygrometer. Dunmore, at NIST, developed the first lithium chloride resistance hygrometer in 1938. The instrument operates on the principle that a lithium chloride solution immersed in a porous binder changes its ionic conductivity depending on changes in relative humidity. With a fixed concentration of lithium chloride, a linear change of resistance is observed for a narrow range of relative humidities. Because of the steep resistance to relative humidity change, it is necessary to vary the bifilar element spacing or the concentration of lithium chloride, or both, to develop resistance curves for specific humidity change. This results in a number of resistance elements, called Dunmore elements, required to cover a standard range. Calibration is essential because the resistance grid varies with time and contamination, as well as with exposure to temperature and humidity extremes.

7.8 Electrolytic Hygrometer. The electrolytic humidity sensor utilizes a bifilar winding coated with a thin film of phosphorus that is wrapped around a non-conductive tube.  A constant incoming flow rate of moist air is absorbed by the phosphorous desiccant and electrolyzed into hydrogen and oxygen by means of electrolysis. The current of electrolysis process is measured and used to determine the mass of water vapor entering the sensor. 

(Informative Note: Electrolytic hygrometers are affected by recombination that occurs in hydrogen-rich or oxygen-rich airstreams. Low moisture levels in the airstream will result in measurement errors when the recombined water is re-electrolyzed.)

7.9 Ion Exchange Resin Electric Hygrometer. A conventional ion exchange resin hygrometer consists of a high-molecular-weight polymer that contains polar groups of positive or negative charge configured in a cross-linked structure. The polar groups consist of ions of opposite charge that are held to the fixed polar groups by electrostatic forces. In the presence of water or water vapor, the electrostatically held ions become mobile. Where a voltage is applied across the resin, the ions are capable of electrolytic conduction. 

[bookmark: _Toc366765154]8.   uncertainty analysis

8.1 Uncertainty Estimate. An estimate of the measurement uncertainty, performed in accordance with ASME PTC 19.14 shall accompany each humidity measurement if specified in the test plan in Section 5.1.

8.1 Post-Test Uncertainty Analysis. A post-test analysis of the measurement system uncertainty, performed in accordance with ANSI/ASME PTC 19.11, shall accompany each refrigerant mass flow rate measurement if specified in the test plan in Section 5.1. Installation effects on the accuracy of the instrument shall be included in the uncertainty analysis for each installation that does not conform to the instrument manufacturer’s installation requirements.

(Informative Note: Informative Appendix F contains an example of humidity measurement uncertainty calculations.)

8.2 Method to Express Uncertainty.  

All assumptions, parameters, and calculations used in estimating uncertainty shall be clearly documented prior to expressing any uncertainty values. Uncertainty shall be expressed as shown in Equation 8-1:

							(8-1)

where

		v = the variable that is a measurement or a calculated result

		m = the best estimate of the true value

		 = the uncertainty estimate for the variable

P = the confidence level, %



(Informative Note: For example: humidity = 15.7% RH + 0.74% RH; (95%) states that the measured humidity is believed to be 15.7% RH with a 95% probability that the true value lies within +0.74% RH of this value at a given absolute pressure and at a given dry-bulb temperature.)



[bookmark: _Toc253839890]9.  TEST REPORT

[bookmark: _Hlk39412297]If the test plan in Section 5.1 defines the test report requirements, the test report requirements in the test plan supersedes all of the requirements in Section 9.  Otherwise, Section 9 specifies the test report requirements.

9.1  Test Identification

a. [bookmark: _Hlk43572356]Date, place, and time.

b. Operator identification.



[bookmark: _Hlk43572306]9.2  Unit Under Test Description

a. Model number and serial number.



[bookmark: _Hlk43572455]9.3  Instrument Description

a. Psychrometer or hygrometer description, model number, serial number and location within the UUT.

b. Operating range.

c. [bookmark: _Hlk43573592][bookmark: _Hlk43573316]Instrument accuracy based on specifications or calibration.

d. Documentational evidence of calibration in accordance with Section 6.



[bookmark: _Hlk43573954]9.4  Measurement System Description

  a. Description of instrument installation specifics.

  b. Measurement system accuracy based on specifications or calibration.

  c. Documentational evidence of calibration in accordance with Section 6.

[bookmark: _Hlk43572650]9.5  Test Conditions

[bookmark: _Hlk39411830][bookmark: _Hlk43573759]        a.  Test conditions in accordance with the test plan in Section 5.1

        b.  Ambient temperature, ºC (ºF).

        c.  Barometric pressure Pa, (psia) if pressures instruments are measuring gauge pressure.



9.6  Test Results if Specified in the Test Plan in Section 5.1.

a. Humidity using one of the options in Section 5.2.1 at a defined absolute pressure and dry-bulb temperature.

b. Uncertainty in humidity using one of the options in Section 5.2.1 at a defined absolute pressure and dry-bulb temperature if required by the test plan in Section 5.1.



a. [bookmark: _Hlk160251662]Wet-bulb temperature, °C (°F).	

b. Pretest wet-bulb temperature uncertainty, °C (°F).	

c. Post-test wet-bulb temperature uncertainty, °C (°F).	

d. Dew-point temperature, °C (°F).	

e. Pretest dew-point temperature uncertainty, °C (°F).	

f. Post-test dew-point temperature uncertainty, °C (°F).	

g. Relative humidity%, dimensionless

h. Pretest relative humidity uncertainty%, dimensionless

i. Post-test relative humidity uncertainty%, dimensionless
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INFORMATIVE APPENDIX B 

PRIMARY HUMIDITY CALIBRATORS



B1. NIST Gravimetric Hygrometer

NIST’s gravimetric hygrometer is a primary standard calibrator for humidity measurements. The gravimetric hygrometer determines absolute water vapor content, because the weight of the water absorbed and the precise measurement of the air volume associated with the water vapor determine the absolute humidity of the incoming air.

In this system, the airflows from a humidity generator through a drying train and into a precision air-volume-measuring system contained within a temperature-controlled bath. The precise measurements of the mass of water vapor absorbed from the air and the associated volume of dry air as measured at controlled temperatures and pressures accurately define the humidity ratio of the test air or any other expression of humidity. Where used to calibrate an instrument, the humidity generator provides the test air to the gravimetric hygrometer as well as to the instrument undergoing calibration.

However, the NIST gravimetric hygrometer in the low humidity ranges requires up to 30 hours per calibration point. For this reason, NIST has developed and calibrated a two-pressure humidity generator that is used as the NIST humidity calibration standard.

B2.  Primary Standard Humidity Generators 

Primary standard humidity generators consist of the following types:

a. two-pressure humidity generator as described in Section B3

b. two-temperature humidity generator as described in Section B4,

c. divided-flow system as described in Section B5, and

d. saturated salt solutions as described in Section B6.

B3. Two-Pressure Humidity Generator. 

The two-pressure humidity generator operates on the principle of saturating a air sample at a constant temperature and elevated pressure and then expanding the sample isothermally to a lower pressure. The principle of operation is based on Dalton's law in that the ratio of partial pressures varies directly with the total pressure. The saturator water-vapor partial pressure is determined from steam or psychrometric tables by assuming complete saturation at the saturator temperature.

For a generator of this type, air is saturated with water vapor at a given pressure (Ps) and temperature (t). The air flows through an expansion valve, where it is expanded isothermally to a new pressure (Pt). If ideal air behavior is assumed, the percent relative humidity at the new pressure (Pt) is expressed as a ratio of the two absolute pressures:

% RH at Pt = (Pt /Ps)t  x 100

where

Pt	=	test chamber pressure,

Ps	=	saturator pressure, and

t	=	temperature of test chamber and saturator.

The amount of deviation from ideal air laws was determined by Hyland of NIST and varies with temperature and pressure:

% RH = (Pt /Ps)t  x  f (Ps, t)/f (Pt , t) x 100

where

f(Ps, t)	=	enhancement factor at saturator pressure and temperature t,

f(Pt, t)	=	enhancement factor at-test chamber pressure and temperature t.

Relative humidity produced in the test chamber of this type of device does not depend on measuring the amount of water vapor in the test chamber, but it is dependent upon the measurement of pressures and temperatures only and upon the maintenance of isothermal system conditions. The precision of the system is determined by the accuracy of the pressure measurement and the uniformity of temperature throughout the system.

B4. Two-Temperature Humidity Generator. 

In the two-temperature humidity generator, air is saturated at one temperature, and then heated to a higher temperature. This results in a new relative humidity that is a function of the two temperatures. In this method, the air is recirculated around a closed loop that includes the two chambers. A pressure difference exists because of piping loss that shall be used to calculate relative humidity.

B5.  Divided-Flow System. 

In the divided-flow system, a dry air stream is divided into two parts. One part is saturated, and the then the two streams are recombined. The combined humidity is a function of the volumetric ratio of the divided streams.

B6. Saturated Salt Solutions. 

Saturated salt solutions are used for humidity generation. A given saturated water/salt solution determines the equilibrium water vapor pressure by its ambient temperature. Water vapor pressure versus temperature curves have been defined and verified experimentally for salt solutions. Because of the complexity of the theory of concentrated solutions, vapor pressure curves of saturated solutions are determined experimentally.

Solutes reduce the solvent vapor pressure roughly in proportion to the amount of dissolved material. For salt in water, the maximum vapor depression is reached when the solution is saturated. The equilibrium relative humidities obtained over saturated solutions range from 5% to 100%, depending on the temperature and the salt used. Table B-1 contains results based on a number of studies.




TABLE B-1 Equilibrium Relative Humidities over Saturated Salt Solution

		Salt 

Temperature

		0ºC

		10ºC

		20ºC

		30ºC

		40ºC

		50ºC

		60ºC

		70ºC

		80ºC

		90ºC

		100ºC



		

		32ºF

		50ºF

		68ºF

		86ºF

		104ºF

		122ºF

		140ºF

		158ºF

		176ºF

		194ºF

		212ºF



		Lithium Bromide

		7.8

		7.1

		6.6

		6.2

		5.8

		5.5

		5.3

		5.2

		5.2

		5.3

		5.4



		Lithium Chloride

		11.2

		11.3

		11.3

		11.3

		11.2

		11.1

		11.0

		10.8

		9.4

		10.3

		12.1



		Magnesium Chloride

		33.7

		33.5

		33.1

		32.4

		31.6

		30.5

		29.3

		27.8

		26.1

		24.1

		22.0



		Potassium Carbonate

		43.1

		43.1

		43.2

		43.2

		

		40.9

		39.2

		37.4

		35.4

		33.4

		31.3



		Magnesium Nitrate

		60.4

		57.4

		54.4

		51.4

		48.4

		45.4

		

		

		

		

		



		Sodium Nitrite

		

		

		

		

		

		

		

		

		48.5

		44.9

		41.0



		Sodium Bromide

		

		62.2

		59.1

		56.0

		53.2

		50.9

		49.7

		49.7

		

		

		



		Sodium Nitrate

		

		

		

		

		

		

		

		

		63.0

		60.7

		58.3



		Sodium Chloride

		75.5

		75.7

		75.5

		75.1

		74.7

		74.7

		74.5

		75.1

		73.9

		73.8

		73.9



		Potassium Chloride

		88.6

		86.8

		85.1

		83.6

		82.3

		81.2

		80.2

		79.5

		

		

		



		Barium Chloride

		

		

		

		

		

		

		

		

		85.1

		83.9

		82.6



		Potassium Sulfate

		98.8

		98.2

		97.6

		97.0

		96.4

		95.8

		96.6

		96.3

		95.8

		95.2

		94.5







Saturated salt solutions are useful in controlling humidity in enclosed spaces, but leakage of moisture into or out of the enclosure affects the humidity level. The use of a slushy mixture provides quick exchange of moisture with the solution, hence better control than if a thick layer of liquid lies over the salt (unless the latter is stirred). At the same time, liquid must be present.

These salts exhibit changes from one hydrate level to another at characteristic temperatures. This causes a discontinuity in the vapor pressure and, in the vicinity of a quadruple point, the vapor pressure is suspect. Do not use a salt solution within 3°C to 5°C (5.4°F to 9.0°F) of such a temperature.

Sulfuric acid and glycerin water solutions are used to produce known humidities through selection of the correct concentration.

Verify that the sensor manufacturer approves each specific salt solution as a calibration method.
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INFORMATIVE APPENDIX C

USER GUIDANCE REGARDING HUMIDITY MEASURMENTS



C1. Guidance for Below Freezing Measurements with Wet-Bulb Sensor

C2.  When it is necessary to measure wet-bulb temperature at or below freezing in a moving airstream, the problem of ice forming on the wet-bulb sensor is eliminated by continuously withdrawing a sample of air and adding heat. The dry-bulb temperature of this air is first determined. Then this air sample is heated to a temperature above freezing. The dry-bulb and wet-bulb temperatures of the heated sample are then measured. From these data, the humidity ratio is established. This humidity ratio, together with the lower dry-bulb temperature and the psychrometric properties of moist air, is then used to determine the wet-bulb temperature prevailing at the lower dry-bulb temperature.

C3.  Where it is necessary to directly measure wet-bulb at temperatures below freezing, a wet-bulb temperature sensor with an ice-coated bulb (0.5 mm (0.02 in) thickness), without a wet-bulb sock, is used. The wet-bulb sock at below freezing temperatures, no longer serves the usual purpose, for ice, unlike water, does not respond to capillary forces. Wet-bulb temperature measurements are obtained only when the surface of the wet-bulb sensor is completely covered with a layer of ice.

C4. As a result of the reduced vapor pressure at low temperatures, a longer time is necessary to reach equilibrium than at higher temperatures. This condition is offset, however, by the ice remaining on the bulb for a much longer time.

C5. The ice film is best formed by dipping the chilled temperature sensor into distilled water at 0°C (32°F). The temperature sensor is then removed from the water and the film is allowed to freeze. The process is repeated to build up a film thickness (defined above).

C6. Air velocity, radiation shields, and other geometry described in Appendix E must be maintained.
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INFORMATIVE APPENDIX D

HUMIDITY MEASUREMENT METHODS ACCURACIES AND OPERATING RANGES



Table D-1 provides typical accuracies, and typical operating ranges for each of the test methods described in Section 7.



TABLE D-1 Typical accuracies and typical operating ranges



		Humidity Test Method 

		Typical Relative Humidity Accuracy

		Typical Operating Range



		Aspirated Wet Bulb Psychrometer

		±2% to 5% RH

		 Dew point: 2°C to 30°C (36ºF to 86ºF)



		Chilled Mirror Dew Point Hygrometer

		±0.4 to 4 ºF  

		-120°C to +150°C (-184ºF to +302ºF)



		Polymer Film Hygrometer

		±2 to 3% RH

		10 to 100% RH



		Porous Ceramic Hygrometer

		±1 to 1.5 % RH

		 Up to 204°C (400ºF)



		Aluminum Oxide Hygrometer

		±3% RH

		5 to 100% RH



		Silicon Sensor Hygrometer

		Not available

		Not available



		Dunmore Hygrometer

		±1.5% RH

		7 to 98% RH at 4°C to 60°C (40ºF to 140ºF)



		Ion Exchange Hygrometer

		±1.5% RH

		10 to 100% RH at -40°C to 88°C (-40ºF to 190ºF)
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INFORMATIVE APPENDIX E:

TIPS TO SPECIFYING THE ACCURACY REQUIREMENT IN SECTION 5.1

The source of the Test Plan in Section 5.1 needs to specify the required accuracy for the measurements, but the required accuracy is dependent upon the dry bulb temperature for each test point and the humidity units selected – wet bulb temperature, dew point temperature, and relative humidity.  Table E-1 shows the examples of the accuracy that should be specified at sample test points.  The wet bulb temperature in each example is assumed to be ±0.11°C (±0.20°F) with the tolerance on dew point temperature and relative humidity at the enthalpy that matches the enthalpy for the assumed wet bulb temperature.  For simplification, the minus tolerances shown in Table E-1 were assumed to be the same values as the plus tolerances even though it is clear that the minus tolerances will not be quite the same as the plus tolerances. 

TABLE E-1: Example accuracy tolerances for different-test conditions that have the same enthalpy  

		Test 

Condition

		Dry Bulb

Temperature

		Wet Bulb

Temperature

		Dew Point

Temperature

		Relative

Humidity 



		A/B Test ID

		-15°C (5°F)

		±0.11°C (±0.20°F)

		±0.20°C (±0.36°F)

		±0.65%



		A Test OD

		-8.3°C (17°F)

		±0.11°C (±0.20°F)

		±0.19°C (±0.35°F)

		±0.48%



		H Test ID

		1.7°C (35°F)

		±0.11°C (±0.20°F)

		±0.25°C (±0.45°F)

		±0.75%



		H0 Test OD

		8.3°C (47°F)

		±0.11°C (±0.20°F)

		±0.18°C (±0.33°F)

		±1.04%



		H1 Test OD

		17°C (62°F)

		±0.11°C (±0.20°F)

		±0.26°C (±0.46°F)

		±1.32%



		H2 Test OD

		21°C (70°F)

		±0.11°C (±0.20°F)

		±0.27°C (±0.48°F)

		±1.79%



		H3 Test OD

		27°C (80°F)

		±0.11°C (±0.20°F)

		±0.48°C (±0.87°F)

		±3.02%



		H4 Test OD

		35°C (95°F)

		±0.11°C (±0.20°F)

		±0.79°C (±1.43°F)

		±4.84%
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INFORMATIVE APPENDIX F:

Example of an Uncertainty Estimate 

for a wet-bulb measurement



F1. Problem Statement and Assumptions

Determine the expected measurement uncertainty at ~19°C (~66°F) WB. 

[bookmark: _Hlk51840845][bookmark: _Hlk51854790]An aspirated wet bulb psychrometer is installed downstream of an air sampler and upstream of an air mover, both as prescribed by ASHRAE Standard 37A8. The psychrometer complies with design guidelines of ASHRAE Research Report RP-14603. 

Assumptions regarding the set up and test:

· The air sampler / psychrometer / air mover apparatus is be used to measure the WB temperature of the inlet air stream during an ASHRAE Standard 37 cooling capacity test.

· As prescribed, the test room reconditioning apparatus and the equipment under test shall be operated until steady-state performance with an operating tolerance of 0.3K (0.54°R) and variation of average from set-test condition of 0.1K (0.18°R).

· Data shall be recorded for 30 minutes.

· The temperature sensor, a 100Ω Platinum RTD, is connected to a computer-based data acquisition system. Sample rate is 2 per minute for a total of 61 samples. 

F2. Method

Follow the step-by-step procedures outlined in Section 5, Uncertainty of a Measurement, of ASME PTC 19.1-20184 20181 to estimate the uncertainty in SI units in Section F3.1 and in I-P units in Section F3.2. Note that, in general, using a commercial equation solver software significantly reduces the time and effort required to complete an uncertainty analysis.

Note about the measured value: 

The terms adiabatic saturation temperature, true wet-bulb temperature, and wet-bulb temperature are defined in Section 3 of this standard. 

To measure wet-bulb temperature, a moist air stream is forced across a temperature sensor kept wetted by a moist cotton sock. Cooling of the sensor below the ambient dry-bulb temperature leads to convective heat gain from the air stream to the temperature sensor in a nearly adiabatic fashion.

[bookmark: _Hlk51851368]Both the ASHRAE Fundamentals Handbook – 2017, Chapter 1: PsychrometricsA9 and ASHRAE RP-1485 Thermodynamic Properties of Real Moist Air, Dry Air, Steam, Water, and IceA10 utilize Thermodynamic Wet-Bulb temperature in their analyses.  Thus, the wet-bulb temperature of this uncertainty estimate is used to represent the thermodynamic wet-bulb temperature.

F3. Uncertainty Procedures4 Procedures1 in SI and IP units

F3.1 Uncertainty Procedures4 Procedures1 in SI units

F3.1.1 Random Standard Uncertainty Deviation of the Sample Mean

F3.1.1.1 General Case

The mean  is calculated by

 		(F-1)

where

	 the number of measurements made in the sample

	the value of each individual measurement in the sample.

The sample standard deviation is only an estimate of the population standard deviation and is given by

    	(F-2)

An appropriate random standard uncertainty deviation of the sample mean is

    		(F-3)

Degrees of freedom

   		(F-4)

F3.1.1.2 Using Previous Values of 

Previous values of  are not applicable for this evaluation because a relatively large number of measurements, 61, will be made over a significant time frame, 30 minutes and steady state is determined prior to making measurements.

F3.1.1.3 Using Elemental Random Error Sources

Another method of estimating the random standard uncertainty deviation of the sample mean for a measurement is from information about the elemental random error sources in the entire measurement process. If all the random standard uncertainties are expressed in terms of their contributions to the measurement, then the random standard uncertainty deviation for the sample mean is the root-sum square of the elemental random standard uncertainties of the mean from all sources divided by the square root of the number of current readings, averaged. The expected random error of wet-bulb temperature is given by RP-1460 and random error of the RTD calibration will be calculated from calibration data.

      	(F-5)

where

	 the total number of random error (or uncertainty) sources.

The degrees of freedom for the estimated random standard uncertainty deviation of the sample mean is dependent on the information used to determine each of the elemental random standard uncertainties deviation of the sample mean and is calculated as

    	(F-6)

where

	 the degrees of freedom corresponding to each .

When all error sources have large sample sizes, the calculation of  is unnecessary.

F3.1.2 Systematic Standard Uncertainty of a Measurement

The systematic standard uncertainty  of a measurement is a value that quantifies the dispersion of the systematic error associated with the mean. The true systematic error  is the unknown, but  is evaluated so that it represents an estimate of the standard deviation of the distribution for the possible  values. It should be noted that while  is an estimate of the dispersion of the systematic errors in a measurement, the systematic error that is present in specific measurement is a fixed single value of .

The systematic standard uncertainty of the measurement is the root-sum-square of the elemental systematic standard uncertainties  for all sources following the Taylor Series Method (TSM).

   	(F-7)

where

	 each estimate of the standard deviation of the  elemental error source

	 the total number of systematic error sources

The elemental systematic standard uncertainties are expressed in terms of their contributions to the measurement. For each systematic error source in the measurement, the elemental systematic standard uncertainty must be estimated from the best available information. Usually, these estimates are made using engineering judgment. Sometimes previous data are available to make estimates of uncertainties that remain fixed during a test.

There can be many sources of systematic error in measurement, such as the calibration process, instrument systematic errors, transducer errors, and fixed errors of method. Also, environmental effects, such as radiation effects in a temperature measurement, can cause systematic errors of method. There usually will be some elemental systematic standard uncertainties that will be dominant. Because of the resulting effect of combining the elemental uncertainties in a root-sum square manner, the larger or dominant ones will control the systematic uncertainty in the measurement; however, one should be very careful to identify all significant sources of fixed error in the measurement.

F3.1.3 Classification of Uncertainty Sources

Type A uncertainties are the calculated standard deviations obtained from data sets. Type B uncertainties are those that are estimated or approximated rather than calculated from data. Type B uncertainties are also given as estimated standard deviations. Uncertainties are classified by their effect on the measurement, either random or systematic, rather than by their source. When it is convenient to classify elemental uncertainties by both effect and source, the following nomenclature for dual classifications is recommended:

[bookmark: _Hlk51918542]	 	elemental systematic standard uncertainty calculated from data, as

		in a calibration process

[bookmark: _Hlk51918604]		elemental systematic standard uncertainty estimated from the best

		available information

		elemental random standard uncertainty calculated from data

		elemental random standard uncertainty estimated from best

		available information



F3.1.4 Combined Standard and Expanded Uncertainty of a Measurement

For simplicity of presentation, a single value is often preferred to express the estimate of the error between the mean value  and the true value with a defined level of confidence . The interval

 				(F-8)

represents a band about  within which the true value is expected to lie with a given level of confidence. The uncertainty interval is composed of both the systematic and random uncertainty components.

The general form of the expression for determining the uncertainty of a measurement is the root-sum-square of the systematic and random standard uncertainties for the measurement, with this quantity defined as the combined standard uncertainty,  , TSM:

   	(F-9)

where

	 the systematic standard uncertainty

	 the random standard uncertainty deviation of the sample mean

In order to express the uncertainty at a specified confidence level using the TSM, the combined standard uncertainty must be multiplied by an expansion factor taken as the appropriate Student’s t value for the required confidence level. Depending on the application, various confidence levels may be appropriate. The Student’s t is chosen on the basis of the level of confidence desired and the degrees of freedom. The degrees of freedom used is a combined degrees-of-freedom based on the separate degrees of freedom for the random standard uncertainty and the elemental systematic standard uncertainty. A t value of 1.96 (usually taken as 2) corresponds to large degrees of freedom and defines an interval with a level of confidence of approximately 95%. This expansion factor of 2 is used for most engineering applications.

[bookmark: _Hlk51933840]The expanded uncertainty for a 95% level of confidence and large degrees-of-freedom (t = 2) is calculated per the TSM:

   		(F-10)

[bookmark: _Hlk51928653]The expression for the expanded uncertainty given in Equation F-10 applies when the measurement  is the desired result of the experiment.






TABLE F-1: Measured wet bulb temperature

		Elapsed Time, min

		Measured Wet-Bulb Temperature, °C

		Elapsed Time, min

		Measured Wet-Bulb Temperature, °C

		Elapsed Time, min

		Measured Wet-Bulb Temperature, 

°C



		0

		18.87

		10.5

		18.91

		20.5

		18.89



		0.5

		18.87

		11

		18.90

		21

		18.90



		1

		18.87

		11.5

		18.89

		21.5

		18.89



		1.5

		18.88

		12

		18.89

		22

		18.90



		2

		18.88

		12.5

		18.88

		22.5

		18.89



		2.5

		18.88

		13

		18.88

		23

		18.89



		3

		18.88

		13.5

		18.87

		23.5

		18.89



		3.5

		18.89

		14

		18.87

		24

		18.88



		4

		18.90

		14.5

		18.87

		24.5

		18.88



		4.5

		18.89

		15

		18.87

		25

		18.87



		5

		18.89

		15.5

		18.87

		25.5

		18.87



		5.5

		18.89

		16

		18.87

		26

		18.87



		6

		18.90

		16.5

		18.87

		26.5

		18.87



		6.5

		18.90

		17

		18.87

		27

		18.86



		7

		18.90

		17.5

		18.87

		27.5

		18.86



		7.5

		18.91

		18

		18.88

		28

		18.87



		8

		18.91

		18.5

		18.88

		28.5

		18.87



		8.5

		18.91

		19

		18.88

		29

		18.87



		9

		18.92

		19.5

		18.89

		29.5

		18.87



		9.5

		18.92

		20

		18.89

		30

		18.87



		10

		18.91

		

		

		

		







[bookmark: _Hlk51942905]The sample mean, or average value, of the wet-bulb temperature measurements is determined using

°C  	(F-11)

The sample standard deviation is determined using

°C  	(F-12)

The random standard uncertainty deviation of the sample mean is determined using

°C  	(F-13)

The lab in question utilizes a water bath to calibrate resistance temperature detectors (RTDs) against a reference Platinum Resistance Thermometer (PRT), a higher degree of accuracy than standard RTD, over an array of setpoints. The stability of water bath is held to produce <0.05°C variation during the calibration run. A linear interpolation table is generated for use by the data acquisition system correction of RTD to Reference PRT. Once the calibration is successful, a one-minute check is performed which is shown in the following table.

TABLE F-2: RTD Calibration check

		Elapsed Time, s

		RTD, °C

		Reference PRT, °C

		Elapsed Time, s

		RTD, °C

		Reference PRT, °C



		0

		22.193

		22.246

		31

		22.193

		22.246



		1

		22.249

		22.246

		32

		22.249

		22.245



		2

		22.193

		22.246

		33

		22.193

		22.245



		3

		22.193

		22.247

		34

		22.193

		22.244



		4

		22.249

		22.247

		35

		22.193

		22.244



		5

		22.193

		22.247

		36

		22.193

		22.244



		6

		22.193

		22.246

		37

		22.193

		22.245



		7

		22.193

		22.246

		38

		22.249

		22.245



		8

		22.193

		22.246

		39

		22.193

		22.246



		9

		22.193

		22.246

		40

		22.193

		22.246



		10

		22.193

		22.245

		41

		22.249

		22.246



		11

		22.193

		22.246

		42

		22.193

		22.245



		12

		22.193

		22.246

		43

		22.193

		22.244



		13

		22.193

		22.246

		44

		22.249

		22.245



		14

		22.249

		22.246

		45

		22.193

		22.244



		15

		22.193

		22.246

		46

		22.193

		22.245



		16

		22.249

		22.246

		47

		22.193

		22.245



		17

		22.193

		22.246

		48

		22.193

		22.244



		18

		22.193

		22.246

		49

		22.193

		22.245



		19

		22.193

		22.245

		50

		22.193

		22.243



		20

		22.193

		22.245

		51

		22.193

		22.244



		21

		22.193

		22.246

		52

		22.193

		22.244



		22

		22.193

		22.246

		53

		22.193

		22.244



		23

		22.193

		22.246

		54

		22.249

		22.244



		24

		22.193

		22.246

		55

		22.193

		22.244



		25

		22.193

		22.246

		56

		22.193

		22.244



		26

		22.193

		22.245

		57

		22.193

		22.245



		27

		22.193

		22.246

		58

		22.193

		22.244



		28

		22.193

		22.245

		59

		22.193

		22.245



		29

		22.193

		22.245

		60

		22.193

		22.244



		30

		22.193

		22.245

		

		

		







The sample mean, or average value, of the RTD measurements is determined using

°C	(F-14)

The sample standard deviation of the RTD readings is determined using

°C	(F-15)

The random standard uncertainty deviation of the sample mean for the RTD is determined using

°C	(F-16)

The sample mean, or average value, of the PRT measurements is determined using

°C	(F-17)

The sample standard deviation of the PRT readings is determined using

°C	(F-18)

The random standard uncertainty deviation of the sample mean for the PRT is determined using

°C	(F-19)

The systematic uncertainty of the RTD calibration is equal to the difference in sample mean between RTD and PRT.

°C		(F-20)

The single value systematic uncertainty of the measured wet bulb  using the aspirated psychrometer as prescribed in RP-1460 accounts for RTD orientation with respect to sample flow, radiation parasitic, conduction parasitic, wetting length, RTD diameter, and sample velocity.

The systematic standard uncertainty of the Wet-Bulb temperature is calculated using the values in Table F-3

°C	(F-21)

The random standard uncertainty of the Wet-Bulb temperature is calculated using

°C	(F-22)

The expanded uncertainty (TSM) for a 95% level of confidence and large degrees of freedom of the average Wet-Bulb temperature is evaluated using

°C	(F-23)





TABLE F-3: Elemental standard uncertainties

		Elemental Standard Uncertainty Classification

		Description of Uncertainty Source

		Elemental Uncertainty Value, °C



		

		RTD Calibration

		0.05



		

		Calibration Reference

		0.01



		

		Aspirated Psychrometer Method

		0.05



		

		RTD Calibration

		0.0025



		

		Random Standard Uncertainty Deviation of Sample Mean

		0.0019







Finally, the true average wet-bulb temperature (WBT) uncertainty during experiment is expected to lie within the following interval with 95% level of confidence.  The annotation method of Equation 8-1 is shown in Equation F-24:

°C (95%)	(F-24)

F3.2 Uncertainty Procedures4 in IP units

F3.2.1 Random Standard Uncertainty Deviation of the Sample Mean

F3.2.1.1 General Case

The mean  is calculated by

...		(F-25)

where

	 the number of measurements made in the sample

	the value of each individual measurement in the sample. The sample standard deviation is only an estimate of the population standard deviation and is given by

    	(F-26)

An appropriate random standard uncertainty deviation of the sample mean is

		(F-27)

Degrees of freedom

		(F-28)



F3.2.1.2 Using Previous Values of 

Previous values of  are not applicable for this evaluation because a relatively large number of measurements, 61, will be made over a significant time frame, 30 minutes and steady state is determined prior to making measurements.

F3.2.1.3 Using Elemental Random Error Sources

Another method of estimating the random standard uncertainty deviation of the sample mean for a measurement is from information about the elemental random error sources in the entire measurement process. If all the random standard uncertainties are expressed in terms of their contributions to the measurement, then the random standard uncertainty for the measurement mean is the root-sum square of the elemental random standard uncertainties of the mean from all sources divided by the square root of the number of current readings, averaged. The expected random error of measured Wet-Bulb temperature is given by RP-1460 and random error of the RTD calibration will be calculated from calibration data.

   	(F-29)

where

	 the total number of random error (or uncertainty) sources.

The degrees of freedom for the estimated random standard uncertainty deviation of the sample mean is dependent on the information used to determine each of the elemental random standard uncertainties of the mean and is calculated as

   	(F-30)

where

	 the degrees of freedom corresponding to each .

When all error sources have large sample sizes, the calculation of  is unnecessary.

F3.2.1.2 Systematic Standard Uncertainty of a Measurement

The systematic standard uncertainty  of a measurement is a value that quantifies the dispersion of the systematic error associated with the mean. The true systematic error  is the unknown, but  is evaluated so that it represents an estimate of the standard deviation of the distribution for the possible  values. It should be noted that while  is an estimate of the dispersion of the systematic errors in a measurement, the systematic error that is present in specific measurement is a fixed single value of .

The systematic standard uncertainty of the measurement is the root-sum-square of the elemental systematic standard uncertainties  for all sources following the Taylor Series Method (TSM).

   	(F-31)

where

	 each estimate of the standard deviation of the  elemental error source

	 the total number of systematic error sources

The elemental systematic standard uncertainties are expressed in terms of their contributions to the measurement. For each systematic error source in the measurement, the elemental systematic standard uncertainty must be estimated from the best available information. Usually, these estimates are made using engineering judgment. Sometimes previous data are available to make estimates of uncertainties that remain fixed during a test.

There can be many sources of systematic error in measurement, such as the calibration process, instrument systematic errors, transducer errors, and fixed errors of method. Also, environmental effects, such as radiation effects in a temperature measurement, can cause systematic errors of method. There usually will be some elemental systematic standard uncertainties that will be dominant. Because of the resulting effect of combining the elemental uncertainties in a root-sum square manner, the larger or dominant ones will control the systematic uncertainty in the measurement; however, one should be very careful to identify all significant sources of fixed error in the measurement.

F3.2.1.3 Classification of Uncertainty Sources

Type A uncertainties are the calculated standard deviations obtained from data sets. Type B uncertainties are those that are estimated or approximated rather than calculated from data. Type B uncertainties are also given as estimated standard deviations. Uncertainties are classified by their effect on the measurement, either random or systematic, rather than by their source. When it is convenient to classify elemental uncertainties by both effect and source, the following nomenclature for dual classifications is recommended:

	 	elemental systematic standard uncertainty calculated from data, as

		in a calibration process

		elemental systematic standard uncertainty estimated from the best

		available information

		elemental random standard uncertainty calculated from data

		elemental random standard uncertainty estimated from best

		available information



F3.2.4 Combined Standard and Expanded Uncertainty of a Measurement

For simplicity of presentation, a single value is often preferred to express the estimate of the error between the mean value  and the true value with a defined level of confidence . The interval

    	(F-32)

represents a band about  within which the true value is expected to lie within a given level of confidence. The uncertainty interval is composed of both the systematic and random uncertainty components.




The general form of the expression for determining the uncertainty of a measurement is the root-sum-square of the systematic and random standard uncertainties for the measurement, with this quantity defined as the combined standard uncertainty  TSM:

....	(F-33)

	(F-33)



where

	 the systematic standard uncertainty

	 the random standard uncertainty deviation of the sample mean

In order to express the uncertainty at a specified confidence level using the TSM, the combined standard uncertainty must be multiplied by an expansion factor taken as the appropriate Student’s t value for the required confidence level. Depending on the application, various confidence levels may be appropriate. The Student’s t is chosen on the basis of the level of confidence desired and the degrees of freedom. The degrees of freedom used is a combined degrees-of-freedom based on the separate degrees of freedom for the random standard uncertainty and the elemental systematic standard uncertainty. A t value of 1.96 (usually taken as 2) corresponds to large degrees of freedom and defines an interval with a level of confidence of approximately 95%. This expansion factor of 2 is used for most engineering applications.

The expanded uncertainty for a 95% level of confidence and large degrees-of-freedom (t = 2) is calculated per the TSM:

   		(F-34)

The expression for the expanded uncertainty given in Equation F-34 applies when the measurement  is the desired result of the experiment.








TABLE F-4: Measured wet bulb temperature

		Elapsed Time, min

		Measured WET-BULB TEMPERATURE, °F

		Elapsed Time, min

		Measured WET-BULB TEMPERATURE, °F

		Elapsed Time, min

		Measured WET-BULB TEMPERATURE, °F



		0

		65.97

		10.5

		66.04

		20.5

		66.00



		0.5

		65.97

		11

		66.02

		21

		66.02



		1

		65.97

		11.5

		66.00

		21.5

		66.00



		1.5

		65.98

		12

		66.00

		22

		66.02



		2

		65.98

		12.5

		65.98

		22.5

		66.00



		2.5

		65.98

		13

		65.98

		23

		66.00



		3

		65.98

		13.5

		65.97

		23.5

		66.00



		3.5

		66.00

		14

		65.97

		24

		65.98



		4

		66.02

		14.5

		65.97

		24.5

		65.98



		4.5

		66.00

		15

		65.97

		25

		65.97



		5

		66.00

		15.5

		65.97

		25.5

		65.97



		5.5

		66.00

		16

		65.97

		26

		65.97



		6

		66.02

		16.5

		65.97

		26.5

		65.97



		6.5

		66.02

		17

		65.97

		27

		65.95



		7

		66.02

		17.5

		65.97

		27.5

		65.95



		7.5

		66.04

		18

		65.98

		28

		65.97



		8

		66.04

		18.5

		65.98

		28.5

		65.97



		8.5

		66.04

		19

		65.98

		29

		65.97



		9

		66.06

		19.5

		66.00

		29.5

		65.97



		9.5

		66.06

		20

		66.00

		30

		65.97



		10

		66.04

		

		

		

		







The sample mean, or average value, of the Wet-Bulb temperature measurements is determined using

°F  	(F-35)

The sample standard deviation is determined using

°F  	(F-36)

The random standard uncertainty deviation of the sample mean is determined using

°F  	(F-37)



The lab in question utilizes a water bath to calibrate RTDs against a Reference Platinum Resistance Thermometer PRT over an array of setpoints. The stability of water bath is held to produce <0.09°F variation during the calibration run. A linear interpolation table is generated for use by the data acquisition system correction of RTD to Reference PRT. Once the calibration is successful, a one-minute check is performed which is shown in the following table.

TABLE F-5: RTD calibration check

		Elapsed Time, s

		RTD, °F

		Reference PRT, °F

		Elapsed Time, s

		RTD, °F

		Reference PRT, °F



		0

		71.948

		72.042

		31

		71.948

		72.042



		1

		72.048

		72.043

		32

		72.048

		72.041



		2

		71.948

		72.043

		33

		71.948

		72.041



		3

		71.948

		72.044

		34

		71.948

		72.04



		4

		72.048

		72.044

		35

		71.948

		72.039



		5

		71.948

		72.044

		36

		71.948

		72.039



		6

		71.948

		72.042

		37

		71.948

		72.041



		7

		71.948

		72.043

		38

		72.048

		72.041



		8

		71.948

		72.042

		39

		71.948

		72.042



		9

		71.948

		72.043

		40

		71.948

		72.042



		10

		71.948

		72.041

		41

		72.048

		72.042



		11

		71.948

		72.042

		42

		71.948

		72.041



		12

		71.948

		72.042

		43

		71.948

		72.04



		13

		71.948

		72.042

		44

		72.048

		72.041



		14

		72.048

		72.042

		45

		71.948

		72.04



		15

		71.948

		72.043

		46

		71.948

		72.041



		16

		72.048

		72.043

		47

		71.948

		72.041



		17

		71.948

		72.043

		48

		71.948

		72.04



		18

		71.948

		72.042

		49

		71.948

		72.041



		19

		71.948

		72.041

		50

		71.948

		72.038



		20

		71.948

		72.041

		51

		71.948

		72.04



		21

		71.948

		72.042

		52

		71.948

		72.039



		22

		71.948

		72.042

		53

		71.948

		72.039



		23

		71.948

		72.042

		54

		72.048

		72.039



		24

		71.948

		72.043

		55

		71.948

		72.04



		25

		71.948

		72.043

		56

		71.948

		72.04



		26

		71.948

		72.041

		57

		71.948

		72.041



		27

		71.948

		72.042

		58

		71.948

		72.04



		28

		71.948

		72.041

		59

		71.948

		72.041



		29

		71.948

		72.041

		60

		71.948

		72.04



		30

		71.948

		72.041

		

		

		





The sample mean, or average value, of the RTD measurements is determined using

°F  	(F-38)

The sample standard deviation of the RTD readings is determined using

°F	(F-39)

The random standard uncertainty deviation of the sample mean for the RTD is determined using

°F	(F-40)

The sample mean, or average value, of the PRT measurements is determined using

°F 	(F-41)

The sample standard deviation of the PRT readings is determined using

°F	(F-42)

The random standard uncertainty deviation of the sample mean for the PRT is determined using

°F	(F-43)

The systematic uncertainty of the RTD calibration is equal to the difference in sample mean between RTD and PRT.

°F		(F-44)

The single value systematic uncertainty of the measured wet bulb  using the aspirated psychrometer as prescribed in RP-1460 accounts for RTD orientation with respect to sample flow, radiation parasitic, conduction parasitic, wetting length, RTD diameter, and sample velocity.

The systematic standard uncertainty of the wet-bulb temperature is calculated using the values in Table F-6

°F	(F-45)

The random standard uncertainty of the Wet-Bulb temperature is calculated using

	°F	(F-46)

The expanded uncertainty (TSM) for a 95% level of confidence and large degrees of freedom of the average Wet-Bulb temperature is evaluated using

°F	(F-47)





TABLE F-6: Elemental standard uncertainties

		Elemental Standard Uncertainty Classification

		Description of Uncertainty Source

		Elemental Uncertainty Value, °F



		

		RTD Calibration

		0.08



		

		Calibration Reference

		0.018



		

		Aspirated Psychrometer Method

		0.09



		

		RTD Calibration

		0.0045



		

		Random Standard Uncertainty Deviation of Sample Mean

		0.0034







Finally, the true average measured wet-bulb temperature (WBT) during experiment is expected to lie within the following interval with 95% level of confidence, The annotation method of Equation 8-1 is shown in Equation F-48:

°F (95%)		(F-48)

2
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[bookmark: _Toc253839862]FOREWORD



[bookmark: _Hlk44506839]This update to the 2015 version that was reaffirmed in 2018 includes an update of the steady-state criteria for recording data.  This standard meets ASHRAE’s mandatory language requirements.



This update of the 2021 version includes (a) updates to make it easier for the higher-tier ASHRAE standards to adopt this standard by reference, (b) an update of the steady-state criteria requirements, (c) an update of the uncertainty requirements, and (d) a new uncertainty example prepared in accordance with the latest uncertainty methods.  This standard meets ASHRAE’s mandatory language requirements.



Selecting an appropriate gas flowmeter can be a daunting task given the wide variety of operating principles, measurement precision, and costs of commercial products. Whether gas flow measurements are to be taken in a laboratory or in the field, selecting the appropriate meter should be based on the required measurement accuracy.  Once a gas flowmeter has been selected, the user may need to consult with the meter manufacturer regarding installation specifics, operating range limits, calibration limits, and other similar specifics in order to obtain the expected measurement accuracy. Safety is an important consideration for all procedures involving gases, particularly regarding flammability, toxicity, and corrosiveness – wear safety glasses and other personal protection equipment.



[bookmark: _Toc327730768]1.  PURPOSE



This standard prescribes methods for gas flow measurement.



[bookmark: _Toc327730769]2.  SCOPE



This standard applies to laboratory and field gas flow measurement for testing heating, ventilating, air-conditioning, and refrigerating systems and components. This standard is restricted to applications where the entire flow stream of gas enters and exits the gas flowmeter in a “gas-only” state during data recording with the following exceptions:



a. This standard does not apply to airflow measurements at pressures within this range: -25 kPa to +25kPa (-100 in. of water to +100 in. of water) referenced to ambient pressure. Those measurements are within the scope of ANSI/ASHRAE Standard 41.21.



b. This standard does not apply to fan performance rating airflow measurements. Those measurements are within the scope of ANSI/ASHRAE Standard 512.



c. This standard does not apply to gaseous-phase refrigerant mass flow measurements where the gas flow includes circulating lubricant. Those measurements are within the scope of ANSI/ASHRAE Standard 41.103.

[bookmark: _Toc253839865]

3.  DEFINITIONS	



The following definitions apply to the terms used in this standard.   



accuracy: the degree of conformity of an indicated value to the corresponding true value. 



error: the difference between the test result and its corresponding true value.



[bookmark: _Hlk44506961]geometrically equivalent diameter: the diameter of a circle having the same area as a non-circular gas flow area rectangular area.



hydraulic diameter: four times the gas flow area divided by the perimeter of the solid boundary in contact with the gas.

  

measurement system: the instruments, signal conditioning systems if any, and data acquisition system if any.



[bookmark: _Hlk8280735]operating tolerance limit: the upper or lower value of an operating tolerance that is associated with a test point or a targeted set point.



[bookmark: _Hlk44507013]pretest uncertainty: an analysis to establish the expected uncertainty interval for a test result before conducting the test.



post-test uncertainty: an analysis to establish the uncertainty of a test result after conducting the test.



random error: the portion of the total error that varies randomly in repeated measurements of the true value throughout a test process.



steady-state criteria: the criteria that establish negligible change of gas flow with time.



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



targeted set point: a specific set of test conditions where the required gas mass flow rate is known and has an associated operating tolerance. 



test point: a specific set of test operating conditions for recording data where the measured required gas mass flow rate is unknown and has an associated operating tolerance.



uncertainty: a measure of the potential error in a measurement that reflects the lack of confidence in the result to a specified level. 



uncertainty: the limits of error within which the true value lies.



unit under test (UUT): equipment that is the subject of gas flow rate measurements.



[bookmark: _Toc253839866]4.  CLASSIFICATIONS



4.1 Gas Flow Operating State.  Gas flow measurement methods shall be restricted to applications where the entire gas flow stream enters and exits the gas flowmeter in the “vapor-only” state during data recording.  Trace amounts of liquids shall be less than 1% by mass unless otherwise specified by the flowmeter manufacturer or by the Test Plan in Section 5.1.



4.2 Gas Flow Measurement Applications.  Gas flow measurement applications that are within the scope of this standard shall be classified as one of the following types:

4.2.1 Laboratory Applications. Gas flow measurements under laboratory conditions are engineering development tests or tests to determine product ratings. 

Informative Note: Laboratory gas flow measurements tend to use more accurate instruments than field measurements, and the installation of those instruments normally meets the instrument manufacturer’s installation requirements.

4.2.2 Field Applications. Gas flow measurements under field conditions are tests to determine installed system gas flow rates. 

[bookmark: _Toc327730773]Informative Note: Field gas flow measurements tend to use less accurate instruments than laboratory measurements, and often do not meet the instrument manufacturer’s installation requirements. 



4.3 Gas Flow Meters



4.3.1 Gas Mass Flow Meters.  Gas flow meters in this category perform direct measurement of gas mass flow rates.

 

4.3.2 Gas Volumetric Flow Meters.  Gas flow meters in this category perform direct measurement of gas volumetric flow rates.  If gas mass flow rates are required, each gas volumetric flow measurement shall be multiplied by the inlet gas density at the flow measurement location to obtain the gas mass flow rate measurement.

 

[bookmark: _Hlk44507485]Informative Note: Ultrasonic flowmeters and vortex-shedding flowmeters are examples of velocity-measuring devices that can be used to determine volumetric flow rates or gas mass flow rate if the density in the measurement plane is determinable.

4.4 Gas Flow Measurement Methods. Gas flow measurement methods that are within the scope of this standard are the methods listed below.  Each of these gas flow measurement methods is described in Section 7.5.

a. Coriolis flowmeters

b. Thermal flowmeters

c. Orifice meters

d. Flow nozzles

e. Venturi tubes

f. Turbine flowmeters

g. Variable-area flowmeters

h. Ultrasonic flowmeters

i. Pitot-static tube methods

j. Vortex-shedding flowmeters

k. Drag-force flowmeters.



[bookmark: _Toc253839869][bookmark: _Toc253839870]5.  REQUIREMENTS



[bookmark: _Hlk43696734]5.1 Test Plan.  A test plan shall specify the gaseous mass flow rate measurement system accuracy.  The test plan shall also include the test points, targeted set points, and corresponding operating tolerances to be performed.  The test plan shall be one of the following options:

a. A document provided by the person or the organization that authorized the tests and calculations to be performed. 

b. A method of test standard. 

c. A rating standard.

d. A regulation or code.

e. Any combination of items a. through d.



The test plan shall specify: 

a. The minimum value for the accuracy or the maximum value of measurement uncertainty of the gas flow measurement system over the full range of operating conditions. 	

b. The values to be determined and recorded that are to be selected from this list: gas mass flow, pretest gas mass flow measurement uncertainty, post-test gas mass flow measurement uncertainty, gas volumetric flow, pretest gas volumetric flow measurement uncertainty, and post-test gas flow measurement uncertainty.

c. Any combination of test points and targeted set points to be performed together with operating tolerances.  



[bookmark: _Hlk160259568]5.2 Values to be Determined and Reported.  The test values to be determined and reported shall be as shown in Table 1 5-1. Use the unit of measure in the Table 1 5-1 unless otherwise specified in the test plan in Section 5.1.



Table 1 Measurement Values and Units of Measure

		Quantity

		Units of Measure

		Note



		

		SI

		IP

		



		Gas mass flow rate and uncertainty

		kilogram per second

(kg/s)

		pound (avoirdupois) per second

(lbm/min)

		No notes apply.



		Gas volumetric flow rate and uncertainty

		cubic meters per second (m3/s)

		cubic foot per minute

(cfm)

		Only if specified in test plan in Section 5.1.



		Gas density and uncertainty

		kilograms per cubic meter

(kg/m³)

		pound (avoirdupois) per cubic foot

(lbm/ft³)

		Only if specified in test plan in Section 5.1.







[bookmark: _Toc253839871]Table 5-1 Measurement Values and Units of Measure

		Quantity

		SI

		IP



		Gas mass flow rate 



		kilogram per second

(kg/s)

		pound (avoirdupois) per minute

(lbm/min)



		Gas mass flow rate uncertainty

		

		



		Gas volumetric flow rate 

		cubic meters per second (m3/s)

		cubic feet per minute

(cfm)



		Gas volumetric flow rate uncertainty

		

		









5.3 Test Requirements



[bookmark: _Hlk94345155]5.3.1 Accuracy. A selected gas flowmeter shall meet or exceed the required gas flow measurement system accuracy specified in the test plan in Section 5.1 over the full range of operating conditions.



5.3.2 Uncertainty. The uncertainty in each gas flow measurement shall be calculated using the method in Section 8 for each test point, unless otherwise stated in the test plan in Section 5.1.  Alternatively, the worst-case uncertainty for all test points shall be estimated and the same value reported for each test point.



5.3.1 Pretest Uncertainty Analysis. If required by the test plan in Section 5.1, perform an analysis to establish the expected uncertainty for each gas mass flow or gas volumetric flow test point prior to the conduct of that test in accordance with the pretest uncertainty analysis procedures in ASME PTC 19.14.

[bookmark: _Hlk76190669][bookmark: _Hlk90908125]5.3.2 Post-test Uncertainty Analysis. If required by the test plan in Section 5.1, perform an analysis to establish the expected uncertainty for each gas mass flow or gas volumetric test point in accordance with the post-test uncertainty analysis procedures in ASME PTC 19.14.  Alternatively, if specified in the test plan, the worst-case uncertainty for all test points shall be estimated and reported for each test point.



[bookmark: _Hlk160357851]5.3.3 Steady-State Test Criteria for Gas Mass Flow Rate Measurements



[bookmark: _Hlk160358544]5.3.3.1 Steady-State Test Criteria for Gas Mass Flow Rate Measurements Under Laboratory Test Conditions.  Gas mass flow rate test data shall be recorded at steady-state conditions unless otherwise specified in the test plan in Section 5.1.  If the test plan in Section 5.1 requires gas mass flow rate test data points to be recorded at steady-state test conditions and provides the operating condition tolerance but does not specify the steady-state criteria, then determine that steady-state test conditions have been achieved using one of the following methods:

a. Apply the steady-state criteria in Section 5.3.3.1.3 if the test plan provides test points for gas mass flow rate measurement.

b. Apply the steady-state criteria in Section 5.3.3.1.4 if the test plan provides targeted set points for gas mass flow rate measurement.



[bookmark: _Hlk160358183]5.3.3.2  Steady-State Test Criteria for Gas Mass Flow Under Field Test Conditions.  If the test plan in Section 5.1 requires test data points to be recorded at steady-state test conditions under field test conditions and provides the operating condition tolerance but does not specify the steady-state criteria, the methods in Section 5.3.3.1 are optional.



Informative Note: The steady-state methods in Section 5.3.3.1 are likely to be impractical under field test conditions.   Section 5.3.4 provides instructions for making measurements that are not at steady state conditions.



5.3.3.1.3 Steady-State Gas Mass Flow Rate Criteria for Test Points

Starting with the time set to zero, sample not less than 30 gas mass flow rate measurements  at equal time intervals  over a test duration  where  is in time units.   Equation 5-1 states the relationship of the test duration to the number of gas mass flow rate samples and the equal time intervals.



 					(5-1)



Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed gas mass flow rate fluctuations during operation near the steady-state conditions.

[bookmark: _Hlk8281079]

Record each sampled gas mass flow rate measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the gas mass flow rate data trend line illustrated in Figure 1 using Equation 5-2.



				(5-2)



[bookmark: _Hlk22636581]Informative Note: It should be noted that the units for the slope in Equation 5-2 are gas mass flow rate, kg/s (lbm/min), divided by the units that the user has selected for time.



(Delete Figure 1)



[image: ]



FIGURE 1: Graphical Illustration of the Method for Determining the Steady-State Gas Mass Flow Rate Criteria for Test Points



Determine the mean offset µ of the sampled data using Equation 5-3, and then calculate the standard deviation  using Equation 5-4.



, kg/s (lbm/min)					(5-3)

, kg/s (lbm/min)				(5-4)



The mean of the sampled gas mass flow rates  is defined by Equation 5-5 5-3.



, kg/s (lbm/min)					(5-5 5-3)



, as determined by Equation 5-5, represents the steady-state mean gas mass flow rate provided that one of the following criteria is satisfied:

a. Apply Equation 5-6 if  where  is the specified operating tolerance limit for gas mass flow rate, and if Equation 5-6 is satisfied by not less than 95% of the sampled gas mass flow rates.



, kg/s (lbm/min)					(5-6)



b. Apply Equation 5-7 if  where  is the specified operating tolerance limit for gas mass flow rate, and if Equation 5-7 is satisfied by not less than 95% of the sampled gas mass flow rates.

, kg/s (lbm/min)					(5-7)



The difference between the maximum and minimum sampled values must be less than or equal to the specified test operating tolerance as defined in Equation 5-4 where is the operating tolerance limit.

  	kg/s (lbm/h)				(5-4)



The restriction on the slope of the trend line  is defined in Equation 5-5 where  is the sample time interval.

	kg/s (lbm/h)				(5-5)



, as determined by Equation 5-3, represents the steady-state mean gas mass flow rate where Equations 5-4 and 5-5 are both satisfied.

[bookmark: _Hlk95199870]

Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex Appendix A – Bibliography items A1 and A2.



5.3.3.24 Steady-State Gas Mass Flow Rate Criteria for Targeted Set Points

Starting with the time set to zero, sample not less than 30 gas mass flow rate measurements  at equal time intervals  over a test duration  where  is in time units. Equation 5-8 5-6 states the relationship of the test duration to the number of samples and the equal time intervals.



  					(5-8 5-6)



Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed gas mass flow rate fluctuations during operation near the steady-state conditions.



Record each sampled gas mass flow rate measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the gas mass flow rate data trend line illustrated in Figure 2 using Equation 5-9 5-7.



				(5-9 5-7) 



Informative Note: It should be noted that the units for the slope in Equation 5-9 5-7 are gas mass flow rate, kg/s (lbm/min), divided by the units that the user has selected for time.



(Delete Figure 2)

	

[image: ]



FIGURE 2: Graphical Illustration of the Method for Determining the Steady-State Gas Mass Flow Rate Criteria for Targeted Set Points



Determine the mean offset µ of the sampled data using Equation 5-10 and calculate the standard deviation  using Equation 5-11.  



, kg/s (lbm/min)					(5-10)



, kg/s (lbm/min)				(5-11)



The mean of the sampled gas mass flow rates, , is defined by Equation 5-12 5-8.



, kg/s (lbm/min)					(5-12 5-8)



[bookmark: _Hlk43564537]A tolerance on the fluctuations about the trend line represents a limit on the fluctuation level relative to the trend line of the sampled data. If the tolerance of fluctuations about the trend line is not specified in the test plan, the bounds for a 95% confidence limit for the fluctuations about the trend line shall then be determined according to Equation 5-13.



, kg/s (lbm/min)				(5-13)



The steady-state condition of the set point gas mass flow rate, , exists (a) where Equation 5-14 is satisfied by not less than 95% of the sampled gas mass flow rates whereis the operating tolerance limit for gas mass flow rate 



kg/s (lbm/min)		(5-14)



(b) where



0.50    0.50 , kg/s (lbm/min)			(5-15)



and (c) where

 

	0.50, kg/s (lbm/min)					(5-16)



[bookmark: _Hlk125269374]

[bookmark: _Hlk125269337]The difference between the maximum and minimum sampled values must be less than or equal to the specified test operating tolerance as defined in Equation 5-9 where is the operating tolerance limit.

	kg/s (lbm/h)				(5-9)

The restriction on the slope of the trend line b is defined in Equation 5-10 where  is the sample time interval.

  kg/s (lbm/h)				(5-10)

The difference between the test condition and mean of the sampled values shall be less than or equal to half of the specified operating tolerance limit as defined in Equation 5-11 where  is the set point mass flow rate and   is the operating tolerance limit.

  kg/s (lbm/h)				(5-11)

, as determined by Equation 5-8, represents the steady-state mean gas mass flow rate where Equations 5-9, 5-10, and 5-11 are all satisfied.



Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex Appendix A – Bibliography items A1 and A2.



5.3.4 Unsteady Gas Mass Flow Rate Measurements.  If required by the test plan in Section 5.1, gas mass flow rate test data shall be recorded:

a. at operating conditions that are not steady state, 

b. at the time intervals specified in the test plan,

c. within the test condition limits specified in the test plan, 

d. using instrument response times specified in the test plan.



5.3.5 Steady-State Test Criteria for Gas Volumetric Flow Rate Measurements



5.3.5.1 Steady-State Test Criteria for Gas Volumetric Flow Rate Measurements Under Laboratory Test Conditions.  Gas volumetric flow rate test data shall be recorded at steady-state conditions if required in the test plan in Section 5.1.  If the test plan requires gas volumetric flow rate test data points to be recorded at steady-state test conditions and provides the operating condition tolerance but does not specify the steady-state criteria, then determine that steady-state test conditions have been achieved using one of the following methods:

a. Apply the steady-state criteria in Section 5.3.56.13 if the test plan provides test points for gas volumetric flow rate measurement.

b. Apply the steady-state criteria in Section 5.3.56.24 if the test plan provides targeted set points for gas volumetric flow rate measurement.



5.3.5.2  Steady-State Test Criteria for Gas Volumetric Flow Under Field Test Conditions.  If the test plan in Section 5.1 requires test data points to be recorded at steady-state test conditions under field test conditions and provides the operating condition tolerance but does not specify the steady-state criteria, the methods in Section 5.3.5.1 are optional.



Informative Note: The steady-state methods in Section 5.3.5.1 are likely to be impractical under field test conditions.  Section 5.3.6 provides instructions for making measurements that are not at steady state conditions.





5.3.5.13 Steady-State Gas Volumetric Flow Rate Criteria for Test Points

[bookmark: _Hlk160366625]Starting with the time set to zero, sample not less than 30 gas volumetric flow rate measurements  at equal time intervals  over a test duration  where  is in time units.   Equation 5-17 5-12 states the relationship of the test duration to the number of gas volumetric flow rate samples and the equal time intervals.



 					(5-17 5-12)



Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed gas volumetric flow rate fluctuations during operation near the steady-state conditions.



Record each sampled gas volumetric flow rate measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the gas volumetric flow rate data trend line illustrated in Figure 3 using Equation 5-18 5-13.



				(5-18 5-13)



Informative Note: It should be noted that the units for the slope in Equation 5-2 5-13 are gas volumetric flow rate, m3/s (cfm), divided by the units that the user has selected for time.

































(Delete Figure 3)
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FIGURE 3: Graphical Illustration of the Method for Determining the Steady-State Gas Volumetric Flow Rate Criteria for Test Points



Determine the mean offset µ of the sampled data using Equation 5-19, and then calculate the standard deviation  using Equation 5-20.



, m3/s (cfm)					(5-19)

, m3/s (cfm)				(5-20)



[bookmark: _Hlk160367025]The mean of the sampled gas volumetric flow rates  is defined by Equation 5-21 5-14.



, m3/s (cfm)				(5-21 5-14)



, as determined by Equation 5-21, represents the steady-state mean gas volumetric flow rate provided that one of the following criteria is satisfied:

a. Apply Equation 5-22 if  where  is the specified operating tolerance limit for gas volumetric flow rate, and if Equation 5-22 is satisfied by not less than 95% of the sampled gas volumetric flow rates.



, m3/s (cfm)					(5-22)



b. Apply Equation 5-23 if  where  is the specified operating tolerance limit for gas volumetric flow rate, and if Equation 5-23 is satisfied by not less than 95% of the sampled gas volumetric flow rates.

, m3/s (cfm)					(5-23)

The difference between the maximum and minimum sampled values shall be less than or equal to the specified operating tolerance limit as defined in Equation 5-15 where  is the operating tolerance limit.

[bookmark: _Hlk127627325]  m3/s (cfm)				(5-15)



[bookmark: _Hlk125635176]The restriction on the slope of the trend line  is defined in Equation 5-16 where  is the sample time interval.

[bookmark: _Hlk140224322]  m3/s (cfm)			(5-16)



, as determined by Equation 5-14, represents the steady-state mean gas volumetric flow rate where Equations 5-15 and 5-16 are both satisfied.



Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex Appendix A – Bibliography items A1 and A2.



5.3.5.24 Steady-State Gas Volumetric Flow Rate Criteria for Targeted Set Points

Starting with the time set to zero, sample not less than 30 gas volumetric flow rate measurements  at equal time intervals  over a test duration  where  is in time units. Equation 5-24 5-17 states the relationship of the test duration to the number of samples and the equal time intervals.



  					(5-24 5-17)



(Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed gas volumetric flow rate fluctuations during operation near the steady-state conditions.)



Record each sampled gas volumetric flow rate measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the gas volumetric flow rate data trend line illustrated in Figure 4 using Equation 5-25 5-18.



				(5-25 5-18) 



Informative Note: It should be noted that the units for the slope in Equation 5-25 5-18 are gas volumetric flow rate, m3/s (cfm), divided by the units that the user has selected for time.

	





























(Delete Figure 4)
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FIGURE 4: Graphical illustration of the method for determining the steady-state gas volumetric flow rate criteria for targeted set points



Determine the mean offset µ of the sampled data using Equation 5-26 and calculate the standard deviation  using Equation 5-27.  



, m3/s (cfm)					(5-26)



, m3/s (cfm)				(5-27)



The mean of the sampled gas volumetric flow rates  is defined by Equation 5-28 5-19.



, m3/s (cfm)					(5-28 5-19)



A tolerance on the fluctuations about the trend line represents a limit on the fluctuation level relative to the trend line of the sampled data. If the tolerance of fluctuations about the trend line is not specified in the test plan, the bounds for a 95% confidence limit for the fluctuations about the trend line shall then be determined according to Equation 5-29.



, m3/s (cfm)				(5-29)



The steady-state condition of the set point gas volumetric flow rate, , exists (a) where Equation 5-30 is satisfied by not less than 95% of the sampled gas volumetric flow rates whereis the operating tolerance limit for gas volumetric flow rate 



m3/s (cfm)			(5-30)



(b) where



0.50    0.50 , m3/s (cfm)			(5-31)



and (c) where

 

	0.50, m3/s (cfm)					(5-32)



[bookmark: _Hlk127627731][bookmark: _Hlk127341040]The difference between the maximum and minimum sampled values shall be less than or equal to the specified operating tolerance limit as defined in Equation 5-20 where  is the operating tolerance limit.

  m3/s (cfm)					(5-20)

[bookmark: _Hlk127783789]The restriction on the slope of the trend line b is defined in Equation 5-21 where  is the sample time interval.

  m3/s (cfm)				(5-21)

[bookmark: _Hlk127784357]The difference between the test condition and mean of the sampled values shall be less than or equal to half of the specified operating tolerance limit as defined in Equation 5-22 where  is the set point volumetric flow rate and  is the operating tolerance limit.

  m3/s (cfm)				(5-21)

[bookmark: _Hlk127627839]

, as determined by Equation 5-19, represents the steady-state mean gas volumetric flow rate where Equations 5-20, 5-21, and Equation 5-22 are all satisfied.



Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Annex A – Bibliography items A1 and A2.



5.3.6 Unsteady Gas Volumetric Flow Rate Measurements.  If required by the test plan in Section 5.1, gas mass flow rate test data or gas volumetric flow rate data shall be recorded:

1. at operating conditions that are not steady state, 

2. at the time intervals specified in the test plan,

3. within the test condition limits specified in the test plan, 

4. using instrument response times specified in the test plan.



[bookmark: _Toc253839880][bookmark: _Hlk160369317]5.3.7 Gas Properties. If not specified in the test plan in Section 5.1, the gas property data shall be obtained from the NIST Standard Reference Database 23 (REFPROP)1 (REFPROP)5 or from the source of the gas and shall be recorded in the test report. 



5.3.8 Operating Limits. Operating conditions during gas flow rate data measurements shall not exceed limits for pressure, pressure differential, temperature, gas velocity, or pressure pulsations specified in the test plan or by the gas flowmeter manufacturer to achieve the measurement system accuracy required by the test plan.



5.3.9 Leakage Requirement. Unless otherwise specified in the test plan in Section 5.1, measured gas leakage out of the test apparatus shall be not be greater than 0.25% of the gas flow rate at the greatest pressure tested under laboratory conditions, or not greater than 1% of the gas flow rate at the greatest pressure tested under field conditions. 



Informative Note: Account for the leakage in the uncertainty analysis.



5.3.10 Gas Flowmeter Installation. The selected gas flowmeter shall be installed in accordance with instructions from the manufacturer, or the uncertainty calculations shall include estimated uncertainties for installations that are not in accordance with the manufacturer’s instructions.  



[bookmark: _Toc253839872]6.  INSTRUMENTS

[bookmark: _Toc253839873]6.1 Instrumentation Requirements for All Measurements



6.1.1 Instruments and data acquisition systems shall be selected to meet the measurement system accuracy   specified in the test plan.



6.1.2 Measurements from the instruments shall be traceable to primary or secondary standards calibrated by the National Institute of Standards and Technology (NIST) or to the Bureau International des Poids et Mesures (BIPM) if a National Metrology Institute (NMI) other than NIST is used.  In either case, the indicated corrections shall be applied to meet the uncertainty stated in subsequent sections. Instruments shall be recalibrated on regular intervals that do not exceed the intervals prescribed by the instrument manufacturer and calibration records shall be maintained. Instruments shall be installed in accordance with the instrument manufacturer’s requirements or the manufacturer’s accuracy does not apply.



6.1.3 Instruments shall be applied and used in accordance with the following standards:

a. Temperature – ANSI/ASHRAE Standard 41.12 41.16 if temperature measurements are required.

b. Pressure – ANSI/ASHRAE Standard 41.33 41.37 if pressure measurements are required.

[bookmark: _Toc253839874]

6.2 Temperature Measurements 



If temperature measurements are required by the test plan in Section 5.1, the measurement system accuracy shall be within the following limits unless otherwise specified in the test plan:

a. Temperature sensors within ±0.28°C (±0.5°F). 

b. Temperature difference sensors within ±l.0% of the reading.

[bookmark: _Toc253839875]

6.3 Pressure Measurements



[bookmark: _Toc253839876]6.3.1 Laboratory Pressure Measurements



6.3.1.1 If pressure measurements are required by the test plan in Section 5.1, the measurement system accuracy shall be within ±1.0% of reading unless otherwise specified in the test plan.  If absolute pressure sensors are not used, the barometric pressure shall be added to obtain absolute pressure values prior to performing uncertainty calculations.



6.3.1.2 If differential pressure measurements are required by the test plan, the measurement system accuracy shall be within ±1.0% of reading unless otherwise specified in the test plan.  Pressure shall be measured in close proximity to the flow meter in accordance with the flow meter manufacturer’s specifications.



6.3.2 Field Pressure Measurements



6.3.2.1 If pressure measurements are required by the test plan in Section 5.1, the measurement system accuracy shall be within ±3.0% of reading unless otherwise specified in the test plan.  If absolute pressure sensors are not used, the barometric pressure shall be added to obtain absolute pressure values prior to performing uncertainty calculations.



6.3.2.2 If differential pressure measurements are required by the test plan, the measurement system accuracy shall be within ±3.0% of reading unless otherwise specified in the test plan.  Pressure shall be measured in close proximity to the flow meter in accordance with the flow meter manufacturer’s specifications.



6.4. Time Measurements



Time measurement system accuracy shall be within ±0.5% of the elapsed time measured, including any uncertainty associated with starting and stopping the time measurement unless (a) otherwise specified in the test plan in Section 5.1, or (b) a different value for time measurement system accuracy is required to be consistent with the gas flow rate measurement system accuracy specified in the test plan.



[bookmark: _Toc253839878]7.  GAS FLOW RATE MEASUREMENT METHODS

7.1 Constraint on All Gas Flow Rate Measurement Methods. A selected gas flow measurement plane shall exceed 7.5 geometrically equivalent diameters downstream of an obstruction or any change in the airflow gas flow direction and shall exceed 3 geometrically equivalent diameters upstream of an obstruction or change in the gas flow direction unless otherwise specified by the airflow gas flow measurement instrument manufacturer.  For a rectangular duct with an gas flow area A, with interior width and height dimensions equal to a and b respectively, the geometrically equivalent diameter shall be obtained from Equation 7-1.  For a round duct, the geometrically equivalent diameter DE is equal to the interior diameter D.



						(7-1)



						(7-1)



where

DE = geometrically equivalent diameter, m (ft)

 a  = interior width, m (ft)

				   b  = interior height, m (ft)

				A = gas flow area, m2 (ft2)



7.2 Coriolis Flowmeters. Review Section 7.1. Coriolis gas flowmeters provide direct measurement of gas mass flow rates. In a Coriolis flowmeter, the gas flows through a vibrating sensor tube within the meter.  An electromagnetic coil located on the sensor tube vibrates the tube in a cantilever motion at a known frequency.  The gas enters a vibrating tube and is given the vertical momentum of the tube. The gas in the entry portion of the sensor tube resists in the downward direction when the tube is moving upward during half of the vibration cycle.  Conversely, when the tube is moving downward during half of the vibration cycle, the gas in the exit portion of the sensor tube resists in the upward direction. Combined, these effects create a symmetrical twist angle. According to Newton’s Second Law of Motion, the amount of sensor tube twist angle is directly proportional to the mass flow rate of gas flowing through the tube.   Electromagnetic velocity sensors, located on opposing sides of the sensor tube, measure the velocity of the vibrating tube.  Mass flow rate is determined by measuring the time difference in the velocity measurements – the greater the time difference, the greater the mass flow rate. 



Informative Note: For further reading, see Informative Annex Appendix A Section A3.



7.3 Thermal Flowmeters. Review Section 7.1. Thermal flowmeters provide direct measurement of gas mass flow rates. The basic elements of the constant heat input thermal mass flowmeters are two temperature sensors that are positioned on opposite sides of an electric heater.  The gas mass flow rate shall be obtained from Equation 7-2. 



Informative Note: For further reading, see Informative Annex Appendix A Section A4.



						(7-2)	



where



	   =	gas mass flow rate, kg/s (lbm/min)

		K	=	dimensionless meter coefficient 

		q	=	electric heat flux rate, kJ/s (Btu/min)

		Cp	=	specific heat of the gas, kJ/kg-K (Btu/lb-°F) (Btu/lbm-°F)

		T1	=	incoming gas temperature, °C (°F)

T2	=	outgoing gas temperature, °C (°F)

7.4 Orifices, Flow Nozzles, and Venturi Tube Flow Meters. Review Section 7.1. Orifices, flow nozzles, and venturi tubes are mass flow meters.  ASME PTC 19.54 19.55 and ASME MFC-3M5 MFC-3M6 describe measurement of fluid flow in pipes using orifices, flow nozzles, and venturi tubes, including construction proportions and port locations. 



[bookmark: _Hlk160369697]7.4.1 Orifices, Flow Nozzles, and Venturi Tube Flowmeter Geometric Profiles.  Figure 5 7-1 illustrates the geometric profile of an orifice metering section.  Figure 6 7-2 illustrates the geometric profile of a long radius nozzle, and Figure 7 7-3 shows the geometric profile of a venturi tube.





[image: C:\Users\Rick\Pictures\41.7 Figures\Orifice Figure.jpg]



[bookmark: _Toc130258987][bookmark: _Toc253839883]Figure 5 7-1: Orifice Flowmeter Geometric Profile 

Reprinted with Permission of ASME





[image: C:\Users\Rick\Pictures\41.7 Figures\Long Radius Nozzle.jpg]

[bookmark: _Toc130258988][bookmark: _Toc253839884]

Figure 6 7-2:  Long Radius Nozzle Geometric Profile

Reprinted with Permission of ASME 





[bookmark: _Toc130258991][bookmark: _Toc253839887][image: C:\Users\Rick\Pictures\41.7 Figures\Venturi Tube.jpg]



Figure 7 7-3: Venturi Tube Flowmeter Geometric Profile

Reprinted with Permission of ASME







7.4.2 Gas Mass Flow Rate Equations and Procedures. This section provides the equations procedures for calculating gas mass flow rates using long radius nozzles and provides reference information for calculating gas mass flow rates for orifices, ISA 1932 nozzles, venturi nozzles, or venturi tubes.



[bookmark: _Hlk160369863]Calculating a gas mass flow rate using these methods requires iteration because (a) the discharge coefficient C is a function of the Reynolds number and the Reynolds number is a function of the average gas flow velocity, and (b) the average gas flow velocity is not known until the gas mass flow rate has been determined.  ASME PTC 19.54 19.58 includes an example of this iterative procedure on page 25, and ASME MFC-3M4 MFC-3M9 provides the limits of use, discharge coefficient equations, and expansibility factor equations for orifices, long radius nozzles, ISA 1932 nozzles, venturi nozzles, and venturi tube flowmeters. 



7.4.2.1 Measurements: Measurements required for this nozzle gas flow shall be: 

a. Inlet duct geometrically equivalent diameter DE that is defined in Equation 7-1, m (ft)  

b. Nozzle throat diameter d, m (ft)  

c. Nozzle inlet absolute pressure p1, Pa (in. of water)

d. Nozzle throat absolute pressure p2, Pa (in. of water)

e. Nozzle differential pressure Δp = (p1 – p2), Pa (in. of water)

f. Nozzle inlet temperature t1, °C (°F) 



7.4.2.2 Nozzle Inlet Duct Hydraulic Diameter. Nozzle inlet duct hydraulic diameter Dh shall be obtained from dimensional measurements.  For a nozzle inlet duct with gas flow area A, the hydraulic diameter shall be obtained from Equation 7-3. For a round duct Dh is equal to the interior inlet diameter. For a rectangular duct, the hydraulic diameter shall be obtained from Equation 7-3.



 						(7-3)



 						(7-3)





where

Dh = hydraulic diameter, dimensionless

 a  = interior width, m (ft)

 b  = interior height, m (ft)

A = gas flow area m2 (ft2)

                                                 = nozzle duct perimeter that is in contact with the gas flow, m (ft)









[bookmark: _Hlk39407437]7.4.2.3 Nozzle Limits for Use and Reynolds Number. Limits for the use for long radius nozzle are:

a. 50 mm (2 in.) ≤ D ≤ 630 mm (25 in.)

b.  Ra/D ≤ 3.2 (10-4) where Ra is the mean of the surface roughness in the upstream duct

c. 1 (104) ≤ ReD ≤ 1000 (107) where ReD is defined in Equation 7-4.



						(7-4)

where

ρ1  =  gas density, kg/m3 (lbm/ft3)

V   =  average gas velocity , m/s (ft/s)

V   =  average gas velocity , m/s (ft/s)

   = nozzle inlet hydraulic diameter, m (ft)

µ   = dynamic viscosity, Ns/m2 (lbm/s-ft)



7.4.2.4 Nozzle Beta Ratio.  The nozzle beta ratio shall be obtained from Equation 7-5. If gas flow operating temperatures are not within ±6ºC (±10ºF) of the ambient temperature during the dimensional measurements, parameters d, Dh, and β shall be corrected to account for thermal expansion in compliance with ASME PTC 19.57 Section 3-10.

, dimensionless					(7-5)

7.4.2.5 Nozzle Inlet Gas Density.  The nozzle inlet gas density ρ1 shall be obtained from the gas property data prescribed in Section 5.3.7 5.3.8 as a function of the nozzle inlet temperature t1 and pressure p1 at each data point.



7.4.2.6 Nozzle Gas Volumetric Flow Rates.  Nozzle gas volumetric flow rates shall be calculated from Equation 7-6 in SI units or Equation 7-7 in I‑P units. 



In SI units: 



					(7-6)



where



 =  nozzle gas volumetric flow rate, m3/s 

 C =  nozzle discharge coefficient, dimensionless 

 ε   =  nozzle expansibility factor, dimensionless

 d  =  nozzle throat diameter, m

  = nozzle calibration coefficient, dimensionless

 ρ1 =  nozzle inlet gas density, kg/m3 

Δp =  nozzle differential pressure, Pa

		E   =   flow kinetic energy coefficient = 1.0436

 β   =  d/, dimensionless



[bookmark: _Hlk94356603]In I-P units: 



				(7-7)



where



 =  nozzle gas volumetric flow rate, cfm  

C =  nozzle discharge coefficient, dimensionless 

 ε =  nozzle expansibility factor, dimensionless

d  =  nozzle throat diameter, ft

  = nozzle calibration coefficient, dimensionless

 ρ1  =  nozzle inlet gas density, lbm/ft3 

 Δp =  nozzle differential pressure, in. of water

E   =  flow kinetic energy coefficient = 1.0436

 β   =  d/, dimensionless





7.4.2.7 Nozzle Expansibility Factor. The dimensionless nozzle expansibility factor ε for a long radius nozzle shall be obtained from Equation 7-8. This equation assumes that the gas is an ideal gas and the gas flow is an isentropic process.  	

	

				(7-8)	

where

r = absolute pressure ratio , dimensionless

γ = ratio of specific heats , dimensionless

β   =  d/, dimensionless



7.4.2.8 Nozzle Discharge Coefficient. The dimensionless nozzle discharge coefficient C is a function of β and the Reynolds number based upon the nozzle inlet diameter. The discharge coefficient C for long radius nozzles shall be obtained from Equation 7-9.



 				(7-9)



The Reynolds number shall be calculated from 7-3, but the average velocity is not known until the gas mass flow rate has been determined. Iteration is required to determine the gas mass flow rate.   Choose C = 1.0 to begin the iterative calculation procedure for long radius nozzles, ISA 1932 nozzles, venturi nozzles and for venturi tube flowmeters, or choose C = 0.6 for orifice flowmeters. Iteration shall continue until the calculated discharge coefficient C matches the previous discharge coefficient within ±0.005. To calculate gas mass flow rates for orifices, ISA 1932 nozzles, venturi nozzles, or venturi tubes, refer to the paragraphs in ASME MFC-3M5 that are listed in Table 2 7-1 and use the same procedures that have been described for the long radius nozzles.



Table 2 Table 7-1 References in ASME MFC-3M5 MFC-3M6  for 

ISA 1932 Nozzles, Venturi Nozzles, and Venturi Tubes



		Flowmeter Type

		Limit of Use 

Section Number

		Discharge Coefficient Equation

		Expansibility Factor Equation



		Orifices

		2-4.3.1

		2-4

		2-6



		ISA 1932 Nozzles

		3-4.1.6.1

		3-6

		3-7



		Venturi Nozzles

		3-4.3.4.1

		3-16

		3-7



		Venturi Tubes

		4-4.5.1

		4-4.5.1, 4-5.4.2, or

4-4.5.3

		4-3







7.4.2.9 Nozzle Gas Mass Flow Rate. The nozzle gas mass flow rate shall be obtained from Equation 7-10, where ρ1 is the nozzle inlet gas density, kg/m3 (lbm/ft3) and Q is the gas volumetric flow rate, m3/s (cfm), using Equation 7-5 in SI units or Equation 7-6 in I-P units.



, kg/s (lbm/min)				(7-10)



7.5 Turbine Flow Meters. Review Section 7.1. Turbine flowmeters are volumetric flow meters that have a turbine rotor suspended on low-friction bearings in the gas stream. The rotational speed of the turbine is a linear function of the average gas velocity, and is therefore a linear function of the volumetric flow rate. Turbine rotation is sensed by one of these methods: (a) reluctance sensors, (b) inductance sensors, (c) capacitance sensors, (d) Hall-effect sensors, or (e) mechanical sensors. 



(Informative Note: For further reading, see Informative Annex Appendix A Section A5.)



[bookmark: _Toc327730798]7.6 Variable-Area Flowmeters. Review Section 7.1. Variable-area flowmeters are volumetric flowmeters.  These flowmeters consist of a float that is free to move vertically inside a tapered transparent tube that has a graduated scale as shown in Figure 8 7-4. The gas to be metered enters at the narrow bottom end of the tube and moves upward, passing through the annulus formed between the float and the inside wall of the tube.  The position of the float is a balance between the gas pressure forces across the annulus acting upward and gravity acting downward on the float. 



[bookmark: _Hlk160710188]Informative Note: For further reading, see Informative Annex Appendix A Section A6.



[image: C:\Users\Rick\Pictures\41.7 Figures\Fig 4.jpg]



Figure 8 7-4: Variable-Area Flowmeter



[bookmark: _Toc327730788][bookmark: _Toc327730796]7.7 Ultrasonic Flowmeters. Review Section 7.1. Ultrasonic flowmeters measure gas flow velocity.  Clamp-on ultrasonic flow meters measure gas velocity within a pipe or tube without being inserted into the flow stream.  



Informative Notes: 

a. Immersion-type ultrasonic flowmeters are also available. 

b. For further reading, see Informative Annex Appendix A Section A4.

c. Some ultrasonic flowmeters report a volumetric flow rate that is based on a specific pipe diameter.



Ultrasonic flowmeters use the transit-time method to measure the effects that flow velocity has on bi-directional acoustical signals.  An upstream transducer sends a signal to a downstream transducer that then returns a signal.  When there is no flow, the time for the signal to go from one transducer to other, in either direction, is constant.  When gas flow exists, the velocity causes the acoustical signal to increase speed in the direction of flow and reduces the acoustical signal speed in the upstream direction.  This creates the time difference that correlates to the flow velocity.  



7.8 Pitot-Static Tube Gas Flow Measurement Methods. Review Section 7.1. Figure 9 7-5 shows an example Pitot-static tube construction and the connections to manometers or electronic pressure transducers.  Sections 7.8.1, 7.8.2, and 7.8.3 describe three different methods to determine gas velocity at measurement points in a gas stream by measuring total and static pressures.  Pitot-static tubes shall be aligned within ±10 degrees of the gas flow direction, and any misalignment shall be included in the uncertainty estimate.  



Informative Notes:  

a. Negative pressure readings are a clear indication that the Pitot-static tube is not properly aligned with the direction of gas flow. 

b. The presence of significant thermal gradients leads to significant reductions in accuracies unless temperature is measured at each measurement location.





[image: Fig 5]



FIGURE 9 7-5: An Example of a Pitot-Static Tube



7.8.1 Pitot-Static Tube Traverse Gas Flow Measurement. The process of sequentially positioning a Pitot-static tube at different measuring points within a duct cross section to measure gas velocities is called a Pitot-static tube traverse.  The traverse measuring points for a round duct or rectangular duct shall be in accordance with Figure 10 7-6. 



[image: Fig 9]



FIGURE 10 7-6. Pitot-Tube Traverse Measuring Points

for Rectangular Ducts and Round Ducts



7.8.1.1 Velocity Pressure. The total pressure Pt is the sum of the static pressure Ps, and the velocity pressure Pv so it follows that



[bookmark: _Hlk44144050]Pv = Pt – Ps, Pa (in. of water)				(7-11)



7.8.1.2 Average Velocity Pressure. The average velocity pressure Pva shall be obtained from Equation 7-12 where N is the number of velocity pressure sampling points

, Pa (in. of water)			(7-12)

7.8.1.3 Average Gas Velocity. The average gas velocity shall be obtained from the density at the traverse plane and the average velocity pressure from Equation 7-13 in SI units and from Equation 7-14 in I-P units.   

[bookmark: _Hlk44080084][bookmark: _Hlk44144171]In SI units:

				    (7-13)

[bookmark: _Hlk44079914]where

Va   =  average gas velocity, m/s

  = calibration coefficient, dimensionless

Pva  = pressure, Pa

ρ    = gas density in the measurement plane, kg/m3

 

In I-P units:

				(7-14)

[bookmark: _Hlk44080258]where

Va   = average gas velocity, ft/min

   = calibration coefficient, dimensionless

Pva  = pressure, in. of water

ρ   = gas density in the measurement plane, lbm/ft3



[bookmark: _Hlk44080416]7.8.1.4 Gas Volumetric Flow. The gas volumetric flow at the Pitot-static tube traverse plane shall be obtained from Equation 7-15.

Q = Va A 				(7-15)

where

[bookmark: _Hlk44144522]Q  = gas volumetric flow rate, m3/s (cfm)

Va  = average gas velocity, m/s (ft/min)

A  = measurement plane cross section area, m2 (ft2)



7.8.2 Self-Averaging Array Gas Flow Measurement. Self-averaging arrays consist of multiple bifurcated or extruded tubes spread out over a measurement plane that have holes to sample and self-average both total and static pressure across the measurement plane.  The self-averaged total pressure is connected to one side of a differential pressure transducer, and the self-averaged static pressure is connected to the other side of the same pressure transducer.



7.8.2.1 Average Velocity Pressure. The average velocity pressure shall be obtained from Equation 7-16.



Pva = Pta  – Psa 				(7-16)

[bookmark: _Hlk44080841]where



			Pva = average velocity pressure, Pa (in. of water) 

Pta = measured average total pressure, Pa (in. of water)

Psa = measured average static pressure, Pa (in. of water)



7.8.2.2 Average Gas Velocity. The average gas velocity shall be obtained from Equation 7-17 in SI units or from Equation 7-18 in I-P units:

[bookmark: _Hlk44145094][bookmark: _Hlk44144631]In SI units:

				(7-17)

[bookmark: _Hlk44081096]where

Va   =  average gas velocity, m/s

    = calibration coefficient, dimensionless

Pva   = pressure, Pa

ρ    = gas density in the measurement plane, kg/m3

 

In I-P units:

			(7-18)	

[bookmark: _Hlk44081308]where

Va   = average gas velocity, ft/min

  = calibration coefficient, dimensionless

Pva  = pressure, in. of water

ρ   = gas density in the measurement plane, lbm/ft3



7.8.2.3 Gas Volumetric Flow. The gas volumetric flow at the Pitot-static tube array measurement plane shall be obtained from Equation 7-19.

[bookmark: _Hlk44144884]Q = Va A 			(7-19)

where

Q  = gas volumetric flow rate, m3/s [cfm]

Va  = average gas velocity, m/s [ft/min]

A  = measurement plane cross section area, m2 [ft2]



7.8.3 Self-Averaging Probe Gas Flow Measurement. Self-averaging probes include multiple total and static pressure ports along a straight line or around a circumference within the airstream gas stream. The self-averaged total pressure is connected to one side of a differential pressure transducer, and the self-averaged static pressure is connected to the other side of the same pressure transducer. 



Informative Note: For further reading, see Informative Annex Appendix A Reference A8.



7.8.3.1 Average Velocity Pressure. The average velocity pressure shall be obtained from Equation 7-20.



Pva = Pta  – Psa 				      (7-20)

[bookmark: _Hlk44081443]where



	Pva = average velocity pressure, Pa (in. of water) 

Pta = measured average total pressure, Pa (in. of water)

Psa = measured average static pressure, Pa in. (in. of water)



7.8.3.2 Average Gas Velocity. The average gas velocity shall be obtained from Equation 7-21 in SI units or from Equation 7-22 in I-P units:

In SI units:

				(7-21)

[bookmark: _Hlk44081646]where

Va   =  average gas velocity, m/s

  = calibration coefficient, dimensionless

      Pva = average velocity pressure, Pa

ρ    = gas density, kg/m3

 

In I-P units:

			(7-22)

[bookmark: _Hlk44081772]where

Va   = average gas velocity, ft/min

   = calibration coefficient, dimensionless

Pva = average velocity pressure, in. of water 

ρ   = gas density in the measurement plane, lbm/ft3



7.8.3.3 Gas Volumetric Flow. The gas volumetric flow at the Pitot-static tube array measurement plane shall be obtained from Equation 7-23.

Q = Va A 				(7-23)

where

Q  = gas volumetric flow rate, m3/s [cfm]

Va  = average gas velocity, m/s [ft/min]

A  = measurement plane cross section area, m2 [ft2]



[bookmark: _Toc327730790]7.9 Vortex-Shedding Flowmeters. Review Section 7.1. Vortex-shedding flowmeters are used to determine gas velocities.  Piezoelectric methods, strain-gage methods, or hot-film methods are used to sense dynamic pressure variations created by vortex shedding.  The operating principle for these flowmeters is based on vortex shedding that occurs downstream of an immersed blunt-shaped solid body.  As the gas stream passes a blunt-shaped body, the gas separates and generates small vortices that are shed alternately along and downstream of each side of the blunt-shaped body.  Each vortex-shedding meter is designed to have a known relationship between the Strouhal number and the Reynolds number so that the vortex shedding frequency is a known function of the gas flow velocity over a specified flow velocity range. 



Informative Note: For further reading, see Informative Annex Appendix Reference A7.



[bookmark: _Toc327730799]7.10 Drag-Force Velocity Flowmeters. Review Section 7.1. Drag-force flowmeters determine gas velocity.  Piezoelectric or strain-gage methods are used to sense dynamic drag-force variations. Gas velocity shall be obtained from Equation 7-24 in SI units, or obtained from Equation 7-25 in I-P units. 



Informative Note: For further reading, see Informative Annex Appendix A Section A4.



In SI units:

				(7-24)



where

V  = calculated gas velocity, m/s 

fd  = measured drag force, N 

Cd	= drag coefficient specified by the meter manufacturer, dimensionless

A	= cross-section area, m2

ρ	= gas density in the measurement plane, kg/m3



In I-P units:

					(7-25)



where

V	=  calculated gas velocity, ft/s

fd	=  measured drag force, lbf

Cd	=  drag coefficient specified by the meter manufacturer, dimensionless

A	=  cross-section area, ft2

ρ	=  gas density in the measurement plane, lbm/ft3

gc	=  gravitational constant, 32.174 (lbm-ft)/(lbf-s2)



8.  UNCERTAINTY REQUIREMENTS.



8.1 Uncertainty Estimate. An estimate of the measurement uncertainty performed in accordance with ASME PTC 19.16 shall accompany each gas flow measurement. 



8.1 Post-Test Uncertainty Analysis. A post-test analysis of the measurement system uncertainty, performed in accordance with ANSI/ASME PTC 19.11, shall accompany each gas mass flow rate measurement if specified in the test plan in Section 5.1. Installation effects on the accuracy of the instrument shall be included in the uncertainty analysis for each installation that does not conform to the instrument manufacturer’s installation requirements.



Informative Note:  Informative Appendix B contains an example of uncertainty calculations.



8.2 Method to Express Uncertainty.  Assumptions, parameters, and calculations used in estimating uncertainty shall be clearly documented prior to expressing uncertainty values.  Uncertainty shall be expressed as shown in Equation 8-1.



					(8-1)	

where:

		v = the variable that is a measurement or a calculated result

		m = the best estimate of the true value	

		 = the uncertainty estimate for the variable

P = the confidence level, percent dimensionless



Informative Note: For example: gas mass flow rate = 2.538 kg/s + 0.013 kg/s (335.7 lbm/min + 1.7 lbm/min); 95% states that the measured gas flow is believed to be 2.538 kg/s (335.7 lbm/min) with a 95% probability that the true value lies within +0.013 kg/s (+1.7 lbm/min) of this value.



[bookmark: _Toc253839891]9.  TEST REPORT



[bookmark: _Toc253839890]If the test plan in Section 5.1 defines the test report requirements, the test report requirements in the test plan supersedes all of the requirements in Section 9.  Otherwise, Section 9 specifies the test report requirements.



9.1 Test Identification

a. Date, place, and time.

b. Operator.



9.2 Unit Under Test Description

a. Model number and serial number.

b. Gas specification.

c. Source of gas properties.



9.3 Instrument Description

a. Flowmeter description, model number, serial number, and location within the UUT.

b. Operating range.

c. Instrument accuracy based on specifications or calibration.

d. Documentational evidence of instrument calibrations.



9.4 Measurement System Description

  a. Description of instrument installation specifics.

  b. Measurement system accuracy based on specifications or calibration.

  c. Documentational evidence of instrument calibrations.



9.5 Test Conditions

        a.  Test conditions in accordance with the test plan in Section 5.1

        b.  Ambient temperature, ºC (ºF).

        c.  Barometric pressure Pa, (psia) if pressures instruments are measuring gauge pressure.



9.6 Test Results If Required by the Test Plan in Section 5.1



9.6.1 Gas mass flow rate unless otherwise specified by the test plan:

a. Gas mass flow rate, kg/s (lbm/min).

b. Uncertainty Pretest uncertainty in gas mass flow rate, kg/s (lbm/min).

c. Post-test uncertainty in gas mass flow rate, kg/s (lbm/min).



9.6.2 Gas volumetric flow rate if required by the test plan:

a. Gas volumetric flow rate, m3/s (cfm).

b. Uncertainty Pretest uncertainty in gas volumetric flow rate, m3/s (cfm). 

c. Post-test uncertainty in gas volumetric flow rate, m3/s (cfm). 



9.6.3 Density if required by the test plan:

a. Density, kg/m3 (lbm/ft3)

b. Uncertainty in density, kg/m3 (lbm/ft3)
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INFORMATIVE APPENDIX B: AN UNCERTAINTY ANALYSIS EXAMPLE 

FOR A CORIOLIS FLOWMETER



A Coriolis gas flowmeter is installed in accordance with the flowmeter manufacturer's instructions. The output electronics are connected to a frequency meter that is read automatically by a computer-based data acquisition system.  This setup will be used to measure various gas flow mass flow rates from 5% to 100% of the full-scale output.  Determine the expected measurement uncertainty at 100% of the full-scale reading, and determine the worst-case uncertainty over the expected operating range. 



Follow the step-by-step procedures outlined in Section 9 of ASME PTC 19.17, to estimate the uncertainty in SI units in Section B1 or in I-P units in Section B2. Note that, in general, using a commercial equation solver software significantly reduces the time and effort required to complete an uncertainty analysis.



	

B1. Estimate Uncertainty in SI Units



B1.1.  Define the Measurement Process  



B1.1.1 Review the test objectives and duration. The test objectives are clearly stated in the description above. 



B1.1.2 List all independent measurement parameters and their nominal levels. The only independent measurement is the frequency output from the Coriolis flowmeter. The full-scale output of the flowmeter was set by the manufacturer to 4.0 kg/s, so the nominal flow at 5% of the range is 0.2 kg/s.

[bookmark: _Hlk506697928]

B1.1.3 List all calibrations and instrumentation setups that will affect each parameter. The manufacturer verified basic flowmeter operation on their test facility that has a stated uncertainty, URSS, of ±0.05% per ISO 5168A10.  The calibration data provided when the meter was initially delivered is shown in Table B-1 below.  The calibration was a water calibration that uses the total weight collected at a given time period to determine a total flow rate.



TABLE B-1 Manufacturer’s Initial Flowmeter Calibration Data



		Flow

(%)

		Nominal Mass

Flow Rate

(kg/s)

		Meter Total (kg)

		Scale Total (kg)

		Error

(%)



		100

		4.000

		307.64

		307.57

		0.023



		50

		2.000

		306.44

		305.67

		0.250



		25

		1.000

		304.89

		305.07

		-0.059



		100

		4.000

		305.04

		304.97

		0.022







Items to note from the Table B-1:

· The calibration data is in terms of mass only, not mass per unit time.  The manufacturer states that the uncertainty related to determining time in the calibration is insignificant.

· Frequency output data from the meter's electronics were not provided; the manufacturer stated that the frequency output is identical to the electronic internal digital value.

· Hysteresis is not well defined – only the 100% flow rate has a repeated point.

· The minimum flow rate measured was 25% due to testing limitation of the meter's manufacturer.

· Because the meter's performance at 5% needs to be determined, this existing data will need to be extrapolated or, preferably, an additional calibration will be required to better define the low-flow performance.  Extrapolation at low flows on Coriolis flowmeters should not be done as the error typically increases exponentially. 



Figure B-1 shows a typical accuracy estimate from the flowmeter manufacturer with the actual calibrated flow points plotted.  From Figure B-1, the expected error will be around 2.5% at a 5% flow rate condition.  Because the actual meter’s data appears to be much better than nominal manufacturer's data, an extended calibration should give results with a significantly lower error.  Another calibration was performed at an independent calibration lab that also had a stated uncertainty, URSS, of ±0.05%, and the error was determined to be -1.13% at 0.2 kg/s flow rate.



FIGURE B-1

Flow Error vs. Flow Rate
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B1.1.  Define the functional relationship between the independent measurement parameters and the test results. Because the mass flow is a direct measurement, there is no functional relationship between multiple measurements and the final test result.



B1.2.	List Elemental Error Sources



B1.2.1 Make a complete list of all possible measurement error sources. The number of possible error sources for this system is small due to the simplicity of the overall system.  Measurement error sources may include the manufacturer's calibration results, frequency meter measuring error, and data reduction errors in converting from frequency to flow rate.



B1.2.2 Group the error sources according to the following categories:



B1.2.2.1 Calibration Errors.  The meter calibration was provided with an uncertainty estimate, so elemental error hierarchy does not need to be estimated for each possible error source.



B1.2.2.2 Data Acquisition Errors. Data acquisition errors for the frequency meter include those from the meter calibration that was done at an accredited calibration lab.  The meter will be operated in an ambient temperature that is outside of the instrument’s nominal operating range so temperature effects should be considered. 



The communications between the frequency meter and the computer are digital, and it is assumed there is no error associated with transferring these values. This is a logical assumption in this case because a computer error would have been generated if there were a problem in the transmission.



B1.2.2.3 Data Reduction Errors.  Data reduction errors include the inaccuracy between the curve fit that is used to convert the measured frequency to the flow rate in engineering units.



B1.3	Calculate Systematic and Random Uncertainty of Parameters



B1.3.1 Obtain an estimate of each error identified in Section B1.2. 



B1.3.2 If data is available to estimate the precision index, tentatively classify the error as a precision error. Otherwise, classify it as a bias error.



B1.4 Calibration Error Estimate



The manufacturer stated that the flowmeter test facility calibration error was 0.05%. Upon further investigation of their calibration uncertainty analysis, the error appears to be mainly consisting of a bias error that can be expressed as:



BCalibration Error #1 = 0.035%	SCalibration Error #1 = 0.015%	Degrees of Freedom >30



Using these values for the four calibration points that were reported, Table B-2 gives an estimate of error as a function of flow rate. The entire error is attributed to bias as there is insufficient data available to estimate the precision component.



TABLE B-2 Error Estimates as a Function of Mass Flow Rates

		Mass Flow Rate (kg/s)

		0.200

		1.000

		2.000

		4.000



		BCalibration Error #2

		-1.13%

		-0.06%

		0.25%

		0.02%









B1.5 Data Acquisition Error Estimate



The frequency meter that will be used was specified by the manufacturer to be ±0.010% of the reading for readings greater than 40 Hz.   Because the inaccuracy in determining frequency was only specified as a percent reading and did not include a separate term for percent of the measurement range, this error will be assumed to be only a bias error:



BData Acquisition Error #1 = 0.010 %,		SData Acquisition Error #1 = 0.000%



The meter also has a temperature coefficient of +0.001% per °C for temperatures greater than 28°C.  This needs to be considered because the instrumentation console where the meter is located will reach a maximum temperature of 40°C.   Again, because the inaccuracy specification did not break up the error into precision and bias components, the error will be assumed to have only a bias component:



BData Acquisition Error #2 = 0.001% x (40 - 28) = 0.012% 		SData Acquisition Error #2 = 0.000%



B1.6 Data Reduction Error Estimate

The mass flow will be a function related to the measured frequency as shown in the first two columns of Table B-3.  Various linear curve fits were reviewed to determine which had the smallest error over the entire operating range.  The manufacturer states it is a simple linear relationship that is forced to go through zero and that is how the transmitter was set up.  The flow and error associated using this curve fit is shown in the next two columns in Table B-3.  The next two columns are the results of a least-square curve fit that includes a point at zero flow rate.  The last two columns are the results of a least-square curve fit that excludes the point at zero flow rate.  Based on the results in Table B-3, it was decided to use the No Zero Flow Curve Fit.  All of this error will be a bias error because it is fixed for a given frequency input in the equation. 



TABLE B-3 Data Reduction Curve Fit Error Comparison



		Calibration

		Transmitter 

Curve Fit

		Zero Flow 

Curve Fit

		No Zero Flow 

Curve Fit



		Output Hertz

		Measured Flow, kg/s

		Calculated 
Flow. kg/s

		% Flow Error

		Calculated Flow, kg/s

		% Flow Error 

		Calculated Flow, kg/s

		% Flow Error 



		0

		0

		0.00

		 

		-0.00049

		 

		-0.00080

		 



		100

		0.19777

		0.20

		-1.130%

		0.19967

		-0.96%

		0.19937

		-0.813%



		500

		0.9994

		1.00

		-0.060%

		1.00028

		-0.09%

		1.00007

		-0.067%



		1000

		2.0050

		2.00

		0.249%

		2.00104

		0.20%

		2.00094

		0.203%



		2000

		4.0009

		4.00

		0.022%

		4.00257

		-0.04%

		4.00268

		-0.044%



		Linear Curve Fit Coefficients (y = mx + b where y = Measured Flow and x = Output)



		 

		m

		0.00200000

		 

		0.0020015

		 

		0.002002

		 



		 

		b

		0.00000000

		 

		-0.0004853

		 

		-0.000801

		 







B1.7 Calculate the Bias and Precision Errors for Each Parameter. The results from the previously defined elements are now summarized at each of the four calibrated flow rates in Table B-4.  The summing of the terms is by the Root-Sum-Square method because a 95% confidence level is desired.


TABLE B-4 Bias and Precision Error Summary



		Flow Rate (kg/s)

		 

		% BIAS ERRORS

		 

		 

		PRECISION ERRORS

		



		

		Calibration Facility

		Transmitter &/or Application

		Summed Errors

		Calibration Facility

		Transmitter &/or Application

		Summed Errors



		 

		#1

		#2

		

		#1

		#2

		 



		0.200

		0.035%

		-1.130%

		1.131%

		0.015%

		0

		0.015%



		1.000

		0.035%

		-0.060%

		0.069%

		0.015%

		0

		0.015%



		2.000

		0.035%

		0.249%

		0.252%

		0.015%

		0

		0.015%



		4.000

		0.035%

		0.022%

		0.042%

		0.015%

		0

		0.015%



		 

		 

		 

		 

		 

		 

		 



		 

		Data Acquisition

		 

		 

		 

		 



		 

		#1

		#2

		

		#1

		#2

		



		 

		0.01%

		0.012%

		0.016%

		0

		0

		0



		 

		

		

		

		

		

		



		 

		Data Reduction

		 

		 

		 

		 



		0.200

		-0.813%

		

		0.813%

		0

		

		0



		1.000

		-0.067%

		

		0.067%

		0

		

		0



		2.000

		0.203%

		

		0.203%

		0

		

		0



		4.000

		-0.044%

		

		0.044%

		0

		

		0









B1.8 Propagate the Bias and Precision Errors



B1.8.1 The bias and precision errors of the independent parameters are propagated separately all the way to the final test result.   The individual terms are now summed together again by the Root-Sum-Square method because a 95% confidence level is desired as shown in the second and third columns of Table B-4.



B1.8.2 Error propagation is done, according to the functional relationship of (a)(4) above, via a Taylor series. This requires a calculation of the sensitivity factors, either by differentiation or by computer perturbation.  Because the mass flow rate is the only independent parameter, this step is not required.  The values determined in the last step are the ones that will be used in the next step to calculate uncertainty.



B1.9 Calculate Uncertainty 



Select UADD or URSS as models for combining the bias and precision errors of the test result and obtain the uncertainty. URSS will be used because a 95% confidence level is desired.  The value of t for the Student’s t function is taken to be 2.00 because the degrees of freedom for the meter calibration is greater than 30.  The final estimate is shown in the fourth column of Table B-5. 




TABLE B-5   Propagation and Final Uncertainty Estimate



		Flow Rate (kg/s)

		PROPAGATED ERRORS

		95% Confidence Uncertainty Estimate



		

		BIAS

		PRECISION

		URSS



		0.200

		1.393%

		0.015%

		1.3928%



		1.000

		0.098%

		0.015%

		0.0989%



		2.000

		0.324%

		0.015%

		0.3239%



		4.000

		0.063%

		0.015%

		0.0646%









B1.10 Report



B1.10.1 The report summary shall contain the nominal level of the test result, bias limit, precision index, degrees of freedom, and uncertainty of the test result, stating the model used.



B1.10.2 The report shall include a table of the elemental errors included in the uncertainty analysis along with the bias limit, precision index, and degrees of freedom of each parameter.   The report for this analysis would include the average value determined per Section 5.2.1 at the actual test condition and the appropriate values from Tables B-4 and B-5.  



B2. Estimate Uncertainty in I-P Units



B2.1 Define the Measurement Process  



B2.1.1 Review the test objectives and duration. The test objectives are clearly stated in the description above. 



B2.1.2 List all independent measurement parameters and their nominal levels. The only independent measurement is the frequency output from the Coriolis flowmeter. The full-scale output of the flowmeter was set by the manufacturer to 31760 lbm/h, so the nominal flow at 5% of the range is 1588 lbm/h.



B2.1.3. List all calibrations and instrumentation setups that will affect each parameter. The manufacturer verified basic flowmeter operation on their test facility that has a stated uncertainty, URSS, of ±0.05% per ISO 5168A10.  The calibration data provided when the meter was initially delivered is shown in Table B-6 below.  The calibration was a water calibration that uses the total weight collected at a given time period to determine a total flow rate.



TABLE B-6 Manufacturer’s Initial Flowmeter Calibration Data



		Flow

(%)

		Nominal Flow Rate

(lbm/h)

		Meter Total (lbm)

		Scale Total (lbm)

		Error

(%)



		100

		31760

		678.35

		678.19

		0.023



		50

		15880

		675.70

		674.00

		0.250



		25

		7940

		672.28

		672.68

		-0.059



		100

		31760

		672.61

		672.46

		0.022







Items to note from the Table B-6:

· The calibration data is in terms of mass only, not mass per unit time.  The manufacturer states that the uncertainty related to determining time in the calibration is insignificant.

· Frequency output data from the meter's electronics were not provided; the manufacturer stated that the frequency output is identical to the electronic internal digital value.

· Hysteresis is not well defined – only the 100% flow rate has a repeated point.

· The minimum flow rate measured was 25% due to testing limitation of the meter's manufacturer.

· Because the meter's performance at 5% needs to be determined, this existing data will need to be extrapolated or, preferably, an additional calibration will be required to better define the low-flow performance.  Extrapolation at low flows on Coriolis flowmeters should not be done as the error typically increases exponentially. 



Figure B-2 shows a typical accuracy estimate from the flowmeter manufacturer with the actual calibrated flow points plotted.  From Figure B-1, the expected error will be around 2.5% at a 5% flow rate condition.  Because the actual meter’s data appears to be much better than nominal manufacturer's data, an extended calibration should give results with a significantly lower error.  Another calibration was performed at an independent calibration lab that also had a stated uncertainty, URSS, of ±0.05%, and the error was determined to be -1.13% at 0.44 lbm/s flow rate.



FIGURE B-2

Flow Error vs. Flow Rate
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B2.1.4 Define the functional relationship between the independent measurement parameters and the test results. Because the mass flow is a direct measurement, there is no functional relationship between multiple measurements and the final test result.



B2.2	List Elemental Error Sources



B2.2.1 Make a complete list of all possible measurement error sources. The number of possible error sources for this system is small due to the simplicity of the overall system.  Measurement error sources may include the manufacturer's calibration results, frequency meter measuring error, and data reduction errors in converting from frequency to flow rate.



B2.2.2 Group the error sources according to the following categories:



B2.2.2.1 Calibration Errors.  The meter calibration was provided with an uncertainty estimate, so elemental error hierarchy does not need to be estimated for each possible error source.



B2.2.2.2 Data Acquisition Errors. Data acquisition errors for the frequency meter include those from the meter calibration that was done at an accredited calibration lab.  The meter will be operated in an ambient temperature that is outside of the instrument’s nominal operating range, so temperature effects should be considered. 



The communications between the frequency meter and the computer are digital, and it is assumed there is no error associated with transferring these values. This is a logical assumption in this case because a computer error would have been generated if there were a problem in the transmission.



B2.2.2.3 Data Reduction Errors.  Data reduction errors include the inaccuracy between the curve fit that is used to convert the measured frequency to the flow rate in engineering units.



B2.3	Calculate Systematic and Random Uncertainty of Parameters



B2.3.1 Obtain an estimate of each error identified in Section B2.2. 



B2.3.2 If data is available to estimate the precision index, tentatively classify the error as a precision error. Otherwise, classify it as a bias error.



B2.4 Calibration Error Estimate



The manufacturer stated that the flowmeter test facility calibration error was 0.05%. Upon further investigation of their calibration uncertainty analysis, the error appears to be mainly consisting of a bias error that can be expressed as:



BCalibration Error #1 = 0.035%	SCalibration Error #1 = 0.015%	Degrees of Freedom >30



Using these values for the four calibration points that were reported, Table B-7 gives an estimate of error as a function of flow rate. The entire error is attributed to bias as there is insufficient data available to estimate the precision component.



TABLE B-7 Error Estimates as a Function of Mass Flow Rates

		Mass Flow Rate (lbm/h)

		1588

		7940

		15880

		31760



		BCalibration Error #2

		-1.13%

		-0.06%

		0.25%

		0.02%









B2.5 Data Acquisition Error Estimate



The frequency meter that will be used was specified by the manufacturer to be ±0.010% of the reading for readings greater than 40 Hz.   Because the inaccuracy in determining frequency was only specified as a percent reading and did not include a separate term for percent of the measurement range, this error will be assumed to be only a bias error:



BData Acquisition Error #1 = 0.010 %,		SData Acquisition Error #1 = 0.000%



The meter also has a temperature coefficient of + 0.002% per °F for temperatures greater than 82°F.  This needs to be considered because the instrumentation console where the meter is located will reach a maximum temperature of 104°F.   Again, because the inaccuracy specification did not break up the error into precision and bias components, the error will be assumed to have only a bias component:



BData Acquisition Error #2 = 0.001% x (40 - 28) = 0.012% 		SData Acquisition Error #2 = 0.000%



B2.6 Data Reduction Error Estimate

The mass flow will be a function related to the measured frequency as shown in the first two columns of Table B-8.  Various linear curve fits were reviewed to determine which had the smallest error over the entire operating range.  The manufacturer states it is a simple linear relationship that is forced to go through zero and that is how the transmitter was set up.  The flow and error associated using this curve fit is shown in the next two columns in Table B-8.  The next two columns are the results of a least-square curve fit that includes a point at zero flow rate.  The last two columns are the results of a least-square curve fit that excludes the point at zero flow rate.  Based on the results in Table B-8, it was decided to use the No Zero Flow Curve Fit.  All of this error will be a bias error because it is fixed for a given frequency input in the equation. 



TABLE B-8 Data Reduction Curve Fit Error Comparison



		Calibration

		Transmitter 

Curve Fit

		Zero Flow 

Curve Fit

		No Zero Flow 

Curve Fit



		Output Hertz

		Measured Flow, lbm/h

		Calculated 
Flow, lbm/h

		% Flow Error

		Calculated Flow, lbm/h

		% Flow Error 

		Calculated Flow, lbm/h

		% Flow Error 



		0

		0

		0.00

		 

		-3.9

		 

		-6.4

		 



		100

		1570

		1588

		-1.130%

		1585

		-0.96%

		1587

		-0.813%



		500

		7935

		7940

		-0.060%

		7942

		-0.09%

		7941

		-0.067%



		1000

		15918

		15880

		0.249%

		15888

		0.20%

		15887

		0.203%



		2000

		31767

		31760

		0.022%

		31780

		-0.04%

		31781

		-0.044%



		Linear Curve Fit Coefficients (y = mx + b where y = Measured Flow and x = Output)



		 

		m

		15.88

		 

		15.892

		 

		15.8927

		 



		 

		b

		0

		 

		-3.9

		 

		-6.4

		 







B2.7 Calculate the Bias and Precision Errors for Each Parameter. The results from the previously defined elements are now summarized at each of the four calibrated flow rates in Table B-9.  The summing of the terms is by the Root-Sum-Square method because a 95% confidence level is desired.


TABLE B-9 Bias and Precision Error Summary



		Flow Rate (lbm/h)

		 

		% BIAS ERRORS

		 

		 

		PRECISION ERRORS

		



		

		Calibration Facility

		Transmitter &/or Application

		Summed Errors

		Calibration Facility

		Transmitter &/or Application

		Summed Errors



		 

		#1

		#2

		

		#1

		#2

		 



		1588

		0.035%

		-1.130%

		1.131%

		0.015%

		0

		0.015%



		7940

		0.035%

		-0.060%

		0.069%

		0.015%

		0

		0.015%



		15880

		0.035%

		0.249%

		0.252%

		0.015%

		0

		0.015%



		31760

		0.035%

		0.022%

		0.042%

		0.015%

		0

		0.015%



		 

		 

		 

		 

		 

		 

		 



		 

		Data Acquisition

		 

		 

		 

		 



		 

		#1

		#2

		

		#1

		#2

		



		 

		0.01%

		0.012%

		0.016%

		0

		0

		0



		 

		

		

		

		

		

		



		 

		Data Reduction

		 

		 

		 

		 



		1588

		-0.813%

		

		0.813%

		0

		

		0



		7940

		-0.067%

		

		0.067%

		0

		

		0



		15880

		0.203%

		

		0.203%

		0

		

		0



		31760

		-0.044%

		

		0.044%

		0

		

		0







B2.8  Propagate the Bias and Precision Errors



B2.8.1 The bias and precision errors of the independent parameters are propagated separately all the way to the final test result.   The individual terms are now summed together again by the Root-Sum-Square method because a 95% confidence level is desired as shown in the second and third columns of Table B-9.



B2.8.2 Error propagation is done, according to the functional relationship of B2.5 above, via a Taylor series. This requires a calculation of the sensitivity factors, either by differentiation or by computer perturbation.  Because the mass flow rate is the only independent parameter, this step is not required.  The values determined in the last step are the ones that will be used in the next step to calculate uncertainty.



B2.9 Calculate Uncertainty 



Select UADD or URSS as models for combining the bias and precision errors of the test result and obtain the uncertainty. URSS will be used because a 95% confidence level is desired.  The value of t for the Student’s t function is taken to be 2.00 because the degrees of freedom for the meter calibration is greater than 30.  The final estimate is shown in the fourth column of Table B-10. 




TABLE B-10   Propagation and Final Uncertainty Estimate



		Flow Rate (lbm/h)

		PROPAGATED ERRORS

		95% Confidence Uncertainty Estimate



		

		BIAS

		PRECISION

		URSS



		1588

		1.393%

		0.015%

		1.3928%



		7940

		0.098%

		0.015%

		0.0989%



		15880

		0.324%

		0.015%

		0.3239%



		31760

		0.063%

		0.015%

		0.0646%









B2.10 Report



B2.10.1 The report summary shall contain the nominal level of the test result, bias limit, precision index, degrees of freedom, and uncertainty of the test result, stating the model used.



B2.10.2 The report shall include a table of the elemental errors included in the uncertainty analysis along with the bias limit, precision index, and degrees of freedom of each parameter.   The report for this analysis would include the average value determined per Section 5.2.1 at the actual test condition and the appropriate values from Tables B-4 and B-5.  




(This annex is not part of this standard.  It is merely informative and does not contain requirements necessary for conformance to the standard.  It has not been processed according to the ANSI requirements for a standard and may contain material that has not been subject to public review or a consensus process. Unresolved objectors on informative material are not offered the right to appeal at ASHRAE or ANSI.)



INFORMATIVE APPENDIX B: AN UNCERTAINTY ANALYSIS EXAMPLE 

FOR A DIFFERENTIAL PRESSURE FLOWMETER



[bookmark: _Hlk24876911]An ASME long-radius stainless-steel flow nozzle, in accordance with ANSI/ASME PTC 19.53, is installed in a laboratory test facility that will be used to measure superheated steam flow at a nominal pressure of 380 kPa (55 psi) and 160 oC (320 °F).  Determine if the measurement system can meet an uncertainty of ± 0.75% at a 95% confidence level for mass flow.  



Follow the step-by-step procedure outlined in Section 9 of ASME PTC 19.17, to estimate the uncertainty.  Note that, in general, using a commercial equation solver software significantly reduces the time and effort required to complete an uncertainty analysis.



C1. Identify experimental goals and acceptable accuracy.

The initial problem statement defines the main objective of having an uncertainty level of ± 0.75% at a 95% confidence level.  This statement does not specify if the uncertainty ± 0.75% refers to the full-scale reading of the meter or of the actual reading.  It is assumed that the uncertainty will be based on the actual reading.  



C2. Identify the important variables and appropriate relationships.

The equation from ASME PTC 19.53 that is used to calculate gas mass flow rate is given in Section 7.4 as Equation 7-5 in SI units or Equation 7-6 in I-P units where subscript 1 refers to the flowmeter inlet conditions and subscript 2 refers to the flowmeter throat. 



					(7-5)

where



	=  gas mass flow rate, kg/s 

 C	=  discharge coefficient, dimensionless 

 ε   =  expansibility factor, dimensionless

 d	=  throat diameter, m

 ρ1	=  gas density, kg/m3 

Δp	=  absolute pressure, Pa 

β   =  d/D, dimensionless

				(7-6)	



where



	=  gas mass flow rate, lbm/s

 C	=  discharge coefficient, dimensionless 

 ε   =  expansibility factor, dimensionless

 gc	=  gravitational constant, 32.174 (lbm·ft)/(lbf·s2)

 d	=  throat diameter, ft

 ρ1	=  gas density, lbm/ft3

 Δp	=  absolute pressure, lbf /ft2

β   =  d/D, dimensionless



The dimensionless expansibility factor, ε, shall be obtained from Equation 7-8.

	

				(7-8)	

where

ε = expansibility factor, dimensionless

r  = pressure ratio p2/p1, dimensionless

γ  = ratio of specific heats, dimensionless.

β = diameter ratio (d/D), dimensionless



 C3. Establish the quantities that must be measured and their expected range of variation.

The independent parameters, their nominal values, and expected range and variations are listed in the first five columns of Table C-1.





Table C-1. Independent Parameters Descriptions



		Symbol

		Independent Parameter

		Units

		Nominal Value

		Expected Range

		Initial Selected Sensors/ Instrument



		d

		Nozzle Throat Diameter

		mm

(inches)

		20.32

(0.8)

		10 to 30

(0.394 to 1.181)

		Inside Diameter Micrometer



		D

		Pipe Diameter

		mm

(inches)

		49.276

(1.94)

		48.768 to 49.530

(1.920 to 2.00)

		Inside Diameter Micrometer



		t1

		Inlet Gas Temperature

		oC

(oF)

		160

(320)

		140 to 200

(284 to392)

		Type T thermocouple 



		p1

		Absolute Inlet Gas Pressure

		kPa

(PSIA)

		379.2

(55)

		275 to 825

(40 to 120)

		Strain Gage Pressure Transducer



		ΔP

		Nozzle Pressure Drop

		kPa

(PSIA)

		68.95

(10)

		34.5 to 172.4

(5 to25)

		Strain Gage Differential Pressure Transducer



		C

		Discharge Coefficient

		none

		0.995

		0 to 1

		Calibration from an ISO 17025 Certified Lab 







Table C-2 shows relationships of the calculated parameters.










Table C-2. Relationships of the Calculated Parameters



		Symbol

		Dependent Parameter

		Functional Relation

		Functional Calculation

		Nominal Value

		Units



		A

		Nozzle Throat Area



		f(d)

		= π d2 / 4

		0.03243

(0.3491)

		m2

(ft2)



		

		

		

		

		

		



		β

		Nozzle Ratio

		f(d,D)

		= d / D

		0.4123

		dimensionless



		

		

		

		

		

		



		p2

		Absolute Throat Pressure

		f(p1,ΔP)

		= p1 -ΔP

		310.2

(45)

		kPa

(psia)



		

		

		

		

		

		



		r

		Nozzle Pressure Ratio

		f(p1,ΔP)

		= p2 / p1

		0.8182

		dimensionless



		

		

		

		

		

		



		γ

		Ratio of the Specific Heats

		f(p1,t1)

		= cp / cv

		1.354

		dimensionless



		

		

		

		

		

		



		cp

		Constant Pressure Specific Heat

		f(p1,t1)

		Property Data

		2.1766

(0.5199)

		kJ/(kg-oC)

(BTU/(lbm-oF))



		

		

		

		

		

		



		cv

		Constant Volume Specific Heat

		f(p1,t1)

		Property Data

		1.6088

(0.3843)

		kJ/(kg-oC)

(BTU/(lbm-oF))



		

		

		

		

		

		



		ρ1

		Inlet Gas Density

		f(p1,t1)

		Property Data

		1.9559

(0.1221) 

		kg/m3

(lbm/ft3)



		ε

		Expansibility Factor

		f(p1,t1, ,ΔP,d,D)

		Property Data

		0.9719

		Dimensionless









C4. Tentatively select sensors/instrumentation appropriate for the task.

These also are listed in the last column of Table C-1.  



C5. Document uncertainty of each measured variable.

Individual sources of errors are detailed in Table C-3.



Table C-3.  Uncertainty of Each Measured Parameter



		Parameter

		[image: ] 



		Error Origin

		Calibration Error

		Data Acquisition Error

		Data Reduction

Error



		 

		 

		 

		Bias

Index

		Precision

Index

		Bias

Index

		Precision

Index

		Bias

Index

		Precision

Index



		d

		20.32

(0.8)

		See Note 1 below

		0.0305

(0.0012)

		 

		 

		 

		 

		 



		D

		49.276

(1.94)

		See Note 1 below

		0.0508

(0.002)

		 

		 

		 

		 

		 



		t1

		160

(320)



		Calibration

		0.194

(0.35)

		0.028

(0.05)

		 

		 

		 

		 



		

		

		Ice Reference Junction

		 

		 

		0.133

(0.24)

		0.056

(0.1)

		 

		 



		

		

		Data Acquisition

		 

		 

		0.167

(0.30)

		0.044

(0.08)

		 

		 



		

		

		Data Reduction/ Curve Fit

		 

		 

		 

		 

		0.061

(0.11)

		0.009

(0.017)



		p1

		379.2

(55)



		Excitation Voltage

		0.0010

(0.00015)

		0.0007

(0.0001)

		 

		 

		 

		



		

		

		Signal Conditioning

		0.0172

(0.0025)

		0.0062

(0.0009)

		 

		 

		 

		



		

		

		Calibration

		4.1369

(0.6)

		0.0041

(0.0006)

		 

		 

		 

		



		

		

		Data Acquisition

		 

		 

		0.0276

(0.004)

		0.0345

(0.005)

		 

		



		

		

		Data Reduction/ Curve Fit

		 

		 

		 

		 

		0.0083

(0.0012)

		



		ΔP

		68.95

(10)

		Excitation Voltage

		0.0103

(0.0015)

		0.0014

(0.0002)

		 

		 

		 

		



		

		

		Signal Conditioning

		0.0758

(0.011)

		0.0048

(0.0007)

		 

		 

		 

		



		

		

		Calibration

		0.4137

(0.060)

		0.0138

(0.002)

		 

		 

		 

		



		

		

		Data Acquisition

		

		

		0.0434

(0.0063)

		0.1655

(0.024)

		

		



		

		

		Data Reduction/ Curve Fit

		

		

		

		

		0.1034

(0.015)

		



		C

		0.995

		Uncertainty from a independent calibration

		0.0025

		

		

		

		

		





Note 1 – Because this meter was calibrated, error effects in the throat and pipe diameters are eliminated provided the same dimensions used during the calibration are also used in the test calculations and they have not changed due to damage such as erosion.  The Calibration Bias Index is included to allow calculation of β and ε.



C6. Perform a preliminary uncertainty analysis.

In order to perform the preliminary uncertainty analysis, the functional relationship between the independent measurement parameters and the test results must be determined.  The two main equations stated in Step 2 of this annex define the overall measurement relationships.  Six other dependent parameters are related to the parameters in Table C-1 as shown in Table C-3.  



C6.1	Calculate the Bias and Precision Errors for Each Parameter. 

The estimates from the previously defined elements in Table D-3 are now summarized for each elemental term using the Root-Sum-Square method since 95% confidence is desired.  The degrees of freedom for each parameter is greater than 30, so the Student’s t function will be 2.



For t1:

	SI:







	IP:











For p1:

	SI:







	IP:







For ΔP:

	SI:







	IP:









For C:











Note: The uncertainty is calculated at this time for t1, p1, and ΔP so that they may be used in estimating errors in ρ and ε in the next step.



C6.2 	Propagate the Bias and Precision Errors.  The individual parameter errors are propagated into the flow rate according to a Taylor series expansion. The relative bias limit for the mass flow equation is:







Similarly the relative precision index for the flow rate can be written as:





Since d and D are already accounted for in the C term, the second and third term of the above equations are zero. The density term, ρ, is a function of t1 and p1, and the variation is estimated by observing the change in density properties at the extremes of expected t1 and p1 as shown in Table C-4.  The expansion factor term, ε, is a function of t1, p1, and ΔP, and the variation is similarly evaluated as shown in Table C-5. 






Table C-4. Calculated Density at Minimum, Nominal, and Maximum



		

		t1

		p1

		ρ

		cp

		cv

		γ



		Nominal  

SI (IP)

		160.0

(320)

		379.2

(55)

		1.9559

(0.1221)

		2.1766

(0.5158)

		1.6088

(0.3825)

		1.353



		Max Value  

SI (IP)

		160.33

(320.6)

		383.3

(55.61)

		1.9794

(0.1236)

		2.1807

(0.5184)(

		1.6111

(0.3828)

		1.354



		Min Value  

SI (IP)

		159.67

(319.4)

		375.1

(54.38)

		1.9325

(0.1206)

		2.1724

(0.5174)

		1.6065

(0.3822)

		1.352







Using the maximum and minimum values to define the variation,

SI:

					

IP:

					





P2 variation is estimated based on the combined uncertainty of P1 and °P.

	

		

		IP:	





The micrometer accuracy for the throat and pipe diameter measurements is ± 0.127 mm.



In determining the maximum and minimum values of ε, the eight combinations of r, γ, and β were calculated and the maximum value of ε occurred when r and γ were at their minimum values and β was at the maximum value, and the minimum value of ε occurred when r and γ were at their maximum values and β was at the minimum value.



Table C-5.  Minimum, Nominal, and Maximum Values of ε



		

		P1

		ΔP

		P2

		r

		γ

		β

		ε



		Nominal 

SI (IP)

		379.2

(55.0)

		68.95

(10.0)

		310.2

(45.00)

		0.8182

		1.3529

		0.4123

		0.8906



		Max Value 

SI (IP)

		383.3

(55.59)

		69.5

(10.08)

		314.4

(45.60)

		0.8202

		1.3536

		0.4127

		0.8919



		Min Value 

SI (IP)

		375.1

(54.40)

		68.4

(9.92)

		306.0

(44.39)

		0.8159

		1.3523

		0.4120

		0.8891







Averaging the maximum and minimum values,



				ε = 0.8906 ± 0.0014



Based on previous experience, the variations for ρ and ε will be assumed to be entirely bias errors.



(1) The bias and precision errors of the independent parameters are propagated separately all the way to the final test result.  

(2)	Error propagation is done, according to the functional relationship of (a)(4) above, via a Taylor series. This requires a calculation of the sensitivity factors, either by differentiation or by computer perturbation. The individual terms are now summed together by the Root-Sum-Square method since a 95% confidence level is desired as shown below. 







SI:





= 0.00740



; P=95%



IP:





= 0.00740



; P=95%





C7.  Study uncertainty results and reassess the ability of the measurement methods and instrumentation to meet acceptable accuracy.



The overall uncertainty is just over the 0.75% goal at 0.76%.  The selected system should meet the intent of 0.75% uncertainty goal initially presented in the problem statement.  To add a safety factor, the largest contribution to the bias uncertainty is the differential pressure measurement as it has a value of 9.969 E-06 in 6.2 above which equates to 0.78% of the pressure reading.  If this measurement has its bias decreased by a factor of 2, the resulting overall uncertainty is decreased to 0.71% which is under the 0.75% goal.



C8.  Install selected instrumentation in accord with relevant standards or best practices.

All the initially specified measurement system will be used with the exception of the differential pressure measurement that will use a sensor that is twice as accurate as initially specified.



C9. Perform initial verification of data quality.

A data acquisition system is assembled and a data reduction program was developed and verified to match hand calculations for the flow measurement.



C10. Collect experimental data subject to ongoing quality control criteria.

Three rounds of data were taken as required by the test plan.



C11. Accomplish data reduction and analysis.

A summary of all the data and calculations for this test run are shown in Table C-6.



Table C6. Summary of Calculations 



		Fixed Nozzle Measurements



		d  

SI (IP)

		20.33

(0.8004)

		

		



		D  

SI (IP)

		49.274

(1.9339)

		

		



		C

		0.995

		

		



		Calculated Fixed Nozzle Parameters



		A  

SI (IP)

		0.03246

(0.5031)

		

		



		β

		0.4126

		

		



		Data Round Measurements



		Round Number

		1

		2

		3



		t1 

SI (IP)

		161.3

(322.3)

		161.3

(322.3)

		161.4

(322.5)



		p1

SI (IP)

		380.6

(55.20)

		381.1

(55.27)

		380.9

(55.24)



		ΔP

SI (IP)

		69.01

(10.01)

		69.12

(10.03)

		68.98

(10.00)



		Calculated Parameters for each data round



		p2

SI (IP)

		311.59

(45.19)

		311.98

(45.25)

		311.92

(45.24)



		R

		0.8187

		0.8186

		0.8189



		cp

SI (IP)

		2.1736

(0.5192)

		2.1740

(0.5192)

		2.1735

(0.5191)



		cv

SI (IP)

		1.6072

(0.3839)

		1.6075

(0.3839)

		1.6072

(0.3839)



		γ

		1.3524

		1.3524

		1.3523



		Ρ

SI (IP)

		1.9566

(0.1221)

		1.9592

(0.1223)

		1.9577

(0.1222)



		ε

		0.8909

		0.8909

		0.8910



		  

SI (IP)

		0.4798

(1.058)

		0.4805

(1.059)

		0.4799

(1.058)







C12. Perform final uncertainty analysis.

Since the actual test parameters are very close to the initially estimated values, the initial analysis should still be valid.



C13. Report experimental results.

The final report would include all the data from Table D-6 and sufficient information to accurately define the testing installation.  This would include the associated supporting documentation such as calibration reports on the pressure and temperature instrumentation, data acquisition equipment, technician responsible for the data, test date, time and location.  The final value for flow rate would be described as:



SI:  = 0.4801 ± 0.0034 kg/s; P 95%

IP:  = 1.058 ± 0.0008 lbm/s; P 95%







The ±0.034 is found by taking the average value, 0.4801, and multiplying by the uncertainty percentage determined in Step C7, 0.709%.




(This annex is not part of this standard.  It is merely informative and does not contain requirements necessary for conformance to the standard.  It has not been processed according to the ANSI requirements for a standard and may contain material that has not been subject to public review or a consensus process. Unresolved objectors on informative material are not offered the right to appeal at ASHRAE or ANSI.)



INFORMATIVE APPENDIX B: AN UNCERTAINTY ANALYSIS EXAMPLE 

FOR A DIFFERENTIAL PRESSURE FLOWMETER



[bookmark: _Hlk119054274]Following ASME PTC 19.1-2018 - Test Uncertainty procedures and terminology, estimate the uncertainty interval, at 95% confidence, about the measured result of a long-radius flow nozzle. Because long-radius flow nozzles require measurements followed by calculations to produce mass flow rate results, Section 5, Uncertainty of a Measurement, will be followed to determine individual measurement uncertainty that is fed into Section 6, Uncertainty of a Result Calculated from Multiple Parameters, for use in determining uncertainty propagation producing a final uncertainty estimate for the mass flow rate. An ASME long-radius stainless-steel flow nozzle, in accordance with ANSI/ASME PTC 19.5, is installed in a laboratory test facility that will be used to measure superheated steam flow at a nominal pressure of 379.2 kPa (55 psi) and temperature of 160 oC (320 °F). Reported uncertainty units are kg/s (lbm/s).



7.4.2.5 Nozzle Inlet Gas Properties.  The nozzle inlet gas density ρ1, constant pressure specific heat cp and constant volume specific heat cp shall be obtained from the gas property data prescribed in Section 5.3.8 as a function of the nozzle inlet gas temperature t1 and pressure p1 at each data point.



7.4.2.6 Nozzle Gas Volumetric Flow Rate.  The nozzle gas volumetric flow rate shall be calculated from Equation 7-6 in SI units or Equation 7-7 in I‑P units. 



						(7-6)



Where



 =  nozzle gas volumetric flow rate, m3/s 

C =  nozzle discharge coefficient, dimensionless 

ε  =  nozzle expansibility factor, dimensionless

A  =  nozzle throat area, m2

 = nozzle calibration coefficient = 1.038, dimensionless

ρ1 =  nozzle inlet gas density, kg/m3 

ΔP =  nozzle differential pressure, Pa

		E  = flow kinetic energy coefficient = 1.043, dimensionless

β  = nozzle ratio, dimensionless



				(7-7)



Where



 =  nozzle gas volumetric flow rate, ft3/s 

C =  nozzle discharge coefficient, dimensionless 

ε  =  nozzle expansibility factor, dimensionless

A  =  nozzle throat area, in2

 = nozzle calibration coefficient = 1.038, dimensionless

ρ1 =  nozzle inlet gas density, lbm/ft3 

ΔP =  nozzle differential pressure, psid

E  = flow kinetic energy coefficient = 1.043, dimensionless

 β  = nozzle ratio, dimensionless

= units conversion coefficient, 



7.4.2.7 Nozzle Expansibility Factor. The nozzle expansibility factor ε for a long-radius nozzle shall be obtained from Equation 7-8. This equation assumes that the gas is an ideal gas, and the gas flow is an isentropic process.  	

	

				(7-8)

Where



r = p2/p1 absolute pressure ratio, dimensionless

γ =cp/cv specific heat ratio, dimensionless



7.4.2.8 Nozzle Gas Mass Flow Rate. The nozzle gas mass flow rate shall be obtained from Equation 7-10 in kg/s (lbm/s).



					(7-10)




Table B-1. Independent Parameters Descriptions

		Symbol

		Independent Parameter

		Units

		Nominal Value

		Expected Range

		Initial Selected Instrument



		d

		Nozzle Throat Diameter

		mm

(inches)

		20.32

(0.8)

		10 to 30

(0.39 to 1.18)

		Inside Diameter Micrometer



		D

		Pipe Diameter

		mm

(inches)

		49.276

(1.94)

		48.77 to 49.53

(1.92 to 2.00)

		Inside Diameter Micrometer



		t1

		Inlet Gas Temperature

		oC

(oF)

		160

(320)

		140 to 200

(284 to 392)

		Type T thermocouple 



		p1

		Inlet Gas Pressure

		kPa

(psia)

		379.2

(55)

		275 to 825

(40 to 120)

		Strain Gage Pressure Transducer



		ΔP

		Nozzle Pressure Drop

		kPa

(psid)

		68.95

(10)

		34.5 to 172.4

(5 to 25)

		Strain Gage Differential Pressure Transducer



		C

		Discharge Coefficient

		none

		0.995

		0 to 1

		Calibration from an ISO 17025 Certified Lab







Table B-2. Relationships of the Calculated Parameters

		Symbol

		Calculated Parameter

		Functional Relationship

		Functional Calculation

		Nominal Value

		Units



		A

		Nozzle Throat Area

Nozzle Ratio

		f(d)

		π d2 / 4

		0.0003243

(0.502655)

		m2

(in2)



		

		

		

		

		

		



		β

		Absolute Throat Pressure

Nozzle Throat Area

		f(d,D)

		d / D

		0.4124

		none



		

		

		

		

		

		



		p2

		Nozzle Ratio

		f(p1,ΔP)

		p1 -ΔP

		310.25

(45)

		kPa

(psia)



		

		

		

		

		

		



		

		

		

		

		

		



		

		

		

		

		

		



		cp

		Constant Pressure Specific Heat

		f(p1,t1)

		Property Data

		2.1766

(0.5199)

		kJ/(kg-oC)

(BTU/(lbm-oF))



		

		

		

		

		

		



		cv

		Constant Volume Specific Heat

		f(p1,t1)

		Property Data

		1.6088

(0.3843)

		kJ/(kg-oC)

(BTU/(lbm-oF))



		

		

		

		

		

		



		ρ1

		Inlet Gas Density

		f(p1,t1)

		Property Data

		1.9559

(0.1221) 

		kg/m3

(lbm/ft3)



		ε

		Nozzle Expansibility Factor

		f(p1,t1, ,ΔP,d,D)

		Equation 7-8

		0.8906

		none







Table B-3.  Uncertainty of Each Measured Parameter

		Parameter

		Nominal

Value 

		Error Origin

		Calibration Error

		Data Acquisition Error

		Data Reduction

Error



		

		

		

		Elemental Systematic Standard Uncertainty

		Elemental Random Standard Uncertainty

		Elemental Systematic Standard Uncertainty

		Elemental Random Standard Uncertainty

		Elemental Systematic Standard Uncertainty

		Elemental Random Standard Uncertainty



		d, mm (in)

		20.32

(0.80)

		See Note 1 below

		0.0305

(0.0012)

		0

		0

		0

		0

		0



		D, mm (in)

		49.276

(1.94)

		See Note 1 below

		0.0508

(0.002)

		0

		0

		0

		0

		0



		t1, °C (°F)

		160

(320)



		Calibration

		0.194

(0.35)

		0.028

(0.05)

		0

		0

		0

		0



		

		

		Ice Reference Junction

		0

		0

		0.133

(0.24)

		0.056

(0.1)

		0

		0



		

		

		Data Acquisition

		0

		0

		0.167

(0.30)

		0.044

(0.08)

		0

		0



		

		

		Data Reduction/ Curve Fit

		0

		0

		0

		0

		0.061

(0.11)

		0.009

(0.017)



		p1, kPa (psia)

		379.2

(55)



		Excitation Voltage

		0.0010

(0.00015)

		0.0007

(0.0001)

		0

		0

		0

		0



		

		

		Signal Conditioning

		0.0172

(0.0025)

		0.0062

(0.0009)

		0

		0

		0

		0



		

		

		Calibration

		4.1369

(0.6)

		0.0041

(0.0006)

		0

		0

		0

		0



		

		

		Data Acquisition

		0

		0

		0.0276

(0.004)

		0.0345

(0.005)

		0

		0



		

		

		Data Reduction/ Curve Fit

		0

		0

		0

		0

		0.0083

(0.0012)

		0



		ΔP, kPa (psid)

		68.95

(10)

		Excitation Voltage

		0.0103

(0.0015)

		0.0014

(0.0002)

		0

		0

		0

		0



		

		

		Signal Conditioning

		0.0758

(0.011)

		0.0048

(0.0007)

		0

		0

		0

		0



		

		

		Calibration

		0.4137

(0.060)

		0.0138

(0.002)

		0

		0

		0

		0



		

		

		Data Acquisition

		0

		0

		0.0434

(0.0063)

		0.1655

(0.024)

		0

		0



		

		

		Data Reduction/ Curve Fit

		0

		0

		0

		0

		0.1034

(0.015)

		0



		C

		0.995

		Uncertainty from an ISO17025 lab calibration

		0.0025

		0

		0

		0

		0

		0







Note 1 – Because this meter was calibrated, error effects in the throat and pipe diameters are eliminated provided the same dimensions used during the calibration are also used in the test calculations and they have not changed due to damage such as erosion. Calibration systematic uncertainties are included to allow the calculation of the systematic standard uncertainties.



Note 2 – Nominal values in Table B-3 are the results of ten (10) readings for each parameter. 30 readings would be required to be statistically significant, but users are likely to consider 30 readings to be a burden. 10 readings appear to be a reasonable compromise.



Estimation of the uncertainty interval, at 95% confidence, about the measured mass flow rate of a differential pressure flowmeter is done following a five-step procedure based on ASME PTC 19.1-2018 - Test Uncertainty. Each step is detailed using SI units and I-P units.



B1. Calculate the Random and Systematic Standard Uncertainties for Each Parameter

For each parameter in Equation 7-9, the random and systematic standard uncertainties must be first calculated. Following ASME PTC 19.1-2018 - Test Uncertainty, these uncertainties are respectively given as follows:



				(B-1)



 					(B-2)



where  represents a parameter,  is the total number of elemental uncertainty sources for a given parameter,  is the number of readings,  is an elemental random standard uncertainty and  is an elemental systematic standard uncertainty. Numerical values of  and  are calculated in the next two sections using elemental standard uncertainties from Table B-3. Calculated values are presented with three significant figures after the decimal point; the exact values are used in calculations. The random and systematic standard uncertainties for  and  are calculated for later estimation of the uncertainty of the inlet gas density, constant pressure specific heat and constant volume specific heat.



B1.1 SI Units

Using Equations B-1 and B-2, and Table B-3, the following random and systematic standard uncertainties are calculated for each parameter:

		 × 10-5 m

		 5.08 × 10-5 m

°C	 0.295 °C

	 4,137.036 Pa

	 435.402 Pa

		 



B1.2 I-P Units

Using Equations B-1 and B-2, and Table B-3, the following random and systematic standard uncertainties are calculated for each parameter:

		 in

		 0.00200 in

	 0.531 °F

	 0.600 a

 0.00762 d	 0.0631 

		 



B2. Calculate the Random and Systematic Standard Uncertainties of the Working Fluid Properties

The random and systematic standard uncertainties for ,  and  cannot be calculated directly from Table B-3 unlike the other parameters in Equation 7-9. However, the random and systematic standard uncertainties were calculated for state variables  and  and will be used here to calculate the random and systematic standard uncertainties of ,  and . Extremum values of  and , within a 95% confidence interval, must be calculated to estimate extremum values of ,  and , which are then used to estimate the random and systematic standard uncertainties of ,  and . In order to determine the 95% confidence interval of  and , the combined and expanded uncertainties are calculated. These uncertainties are respectively given as follows:



					(B-3)



						(B-4)



where  is the coverage factor. The coverage factor value is selected based on the appropriate degrees of freedom and confidence level in the Student’s t table – see ASME PTC 19.1-2018 - Test Uncertainty Annex B. The degree of freedom used is a combined degree of freedom on the separate degree of freedom for the random standard uncertainties and elemental systematic standard uncertainties. If the degrees of freedom for the random standard uncertainties and the elemental systematic standard uncertainties are known or estimated, one can refer to ASME PTC 19.1-2018 - Test Uncertainty Annex B to calculate the exact degree of freedom. In most engineering applications, a coverage factor of 2 is used for 95% confidence intervals, assuming a large degrees of freedom.



B2.1 SI Units

Assuming a large degree of freedom and using the previously calculated random and systematic standard uncertainties of  and , the expanded uncertainties are:

 = 0.592 °C

 = 8,274.103 Pa



The extreme values of  and  and the corresponding values of ,  and  are presented in Table B-4.1.



Table B-4.1. Gas properties extreme values – SI units

		

		Minimum value

		Maximum value



		 (°C)

		159.704

		160.296



		 (kPa)

		375.063

		383.337



		(kg/m3)

		1.935

		1.976



		 (kJ/(kg°C))

		2.174

		2.179



		 (kJ/(kg°C))

		1.607

		1.610







Based on previous experience, the variations for ,  and  are assumed to be entirely systematic errors. Using Equation B-3 and defining half the difference between ,  and extremums as equal to the expanded uncertainty (Equation B-4), the random and systematic standard uncertainties are:

 = 0.000 kg/m3

 = 0.0102 kg/m3

 = 0.000 kJ/(kg°C)

 = 0.00123 kJ/(kg°C)

 = 0.000 kJ/(kg°C)

 = 0.000725 kJ/(kg°C)



B2.2 I-P Units

Assuming a large degree of freedom and using the previously calculated random and systematic standard uncertainties of  and , the expanded uncertainties are:

 = 1.065 °F

 = 1.200 psia



The extreme values of  and  and the corresponding values of ,  and  are presented in Table B-4.2.

Table B-4.2. Gas properties extreme values – I-P units

		

		Minimum value

		Maximum value



		 (°F)

		319.468

		320.533



		 (psia)

		54.400

		55.600



		(lbm/ft3)

		0.121

		0.123



		 (BTU/(lbm°F))

		0.519

		0.520



		 (BTU/(lbm°F))

		0.384

		0.385







Based on previous experience, the variations for ,  and  are assumed to be entirely systematic errors. Using Equation B-3 and defining half the difference between ,  and extremums as equal to the expanded uncertainty (Equation B-4), the random and systematic standard uncertainties are:

 = 0.000 lbm/ft3

 = 0.000640 lbm/ft3

 = 0.000 BTU/(lbm°F)

 = 0.000293 BTU/(lbm°F)

 = 0.000 BTU/(lbm°F)

 = 0.000173 BTU/(lbm°F)



B3. Calculate and Evaluate the Partial Derivative of the Mass Flow Rate for Each Parameter

The random and systematic standard uncertainties of the mass flow rate are a non-linear combination of the random and systematic standard uncertainties of the parameters in Equation 7-9. The random and systematic standard uncertainties of the mass flow rate are respectively given as follows:



			(B-5)



			(B-6)



where  is the evaluated partial derivative of  with respect to the ith parameter,  is the number of parameters in Equation 7-9,  and  are the corresponding random and systematic standard uncertainties of the ith parameter previously calculated in Sections B1.1 and B1.2. If necessary, correlation terms can be added for both the random and systematic standard uncertainty of the mass flow rate. These terms account for random and systematic standard uncertainties that are not independent of one another for a given parameter. If these terms are needed, one can refer to Section 7 of ASME PTC 19.1-2018 - Test Uncertainty for the methodology. Explicitly,  is expressed as follows:



						(B-7)



Once calculated, the partial derivative is then evaluated considering the value of each parameter. In Equation 7-9,  must be expressed in terms of ,  must be expressed in terms of  and , and  must be expressed in terms of , , , ,  and . Partial derivatives are calculated and evaluated in the next two sections. Note that, in general, using a commercial equation solver software, such as MATLAB or EES, significantly reduces the time and effort required to complete an uncertainty analysis.



B3.1 Derivations of the Partial Derivatives in SI Units



Due to the derivation complexity of most of the partial derivatives of Equation 7-9, this section does not provide a step-by-step procedure with partial results, but only the final partial derivatives are given using a commercial equation solver software.



B3.1.1 Derive the Partial Derivative  



 A + B + C										(B-8)



Where



A = 		(B-9)



B = 	(B-10)



C = 			(B-11)



B3.1.2 Derive the Partial Derivative  

 = A + B 											(B-12)



Where



A = 

			(B-13)

B = 				(B-14)



B3.1.3 Derive the Partial Derivative  

 = 		(B-15)





B3.1.4 Derive the Partial Derivative  

 = 		(B-16)



B3.1.5 Derive the Partial Derivative  

 = A + 										(B-17)



Where



A = 			(B-18)



B = 						(B-19)



C = 							(B-20)



D = 						(B-21)



E = 						(B-22)



F = 				(B-23)



G = 					(B-24)



B3.1.6 Derive the Partial Derivative  

 = 										(B-25)



Where



A = 						(B-26)



B = 						(B-27)



C = 					(B-28)





D = 					(B-29)



E = 		(B-30)



F = 					(B-31)



B3.1.7 Derive the Partial Derivative  

 = 										(B-32)



Where



A = 						(B-33)

B = 							(B-34)



C = 					(B-35)



D = 						(B-36)



E = 				(B-37)



F = 				(B-38)



G = 					(B-39)



B3.1.8 Derive the Partial Derivative  

 = 										(B-40)



Where



A = 						(B-41)



B = 						(B-42)



C = 					(B-43)



D = 						(B-44)



E = 				(B-45)



F = 				(B-46)



G = 					(B-47)

	

	

B3.2 Evaluation of Partial Derivatives in SI Units



 15.844 kg/(m-s)										(B-48)

 -0.149 kg/(m-s)										(B-49)

 0.158 kg/s										(B-50)

 0.0402 m3/s										(B-51)

 8.47 10-7 kg/(Pa-s)									(B-52)

 5.33 10-8 kg/(Pa-s)									(B-53)

 0.00830 (kg2-°C)/(kJ-s)									(B-54)

 -0.0112 (kg2-°C)/(kJ-s)									(B-55)



B3.3 Evaluation of Partial Derivatives in I-P Units

The calculated partial derivatives in I-P units are the same as in SI units; however, a factor of 0.47268 must multiply each partial derivative for the correct unit conversion.





 0.887 lbm/(in-s)										(B-56)

 -0.00833 lbm/(in-s)									(B-57)

 0.349 lbm/s										(B-58)

 1.420 ft3/s										(B-59)

 0.0129 lbm/(psid-s)									(B-60)

 8.11  10-4 lbm/(psia-s)									(B-61)

 0.0766 (lbm2-°F)/(BTU-s)									(B-62)

 -0.104 (lbm2-°F)/(BTU-s)									(B-63)



B4. Calculate the Random and Systematic Standard Uncertainties of the Mass Flow Rate

Equations B-5 and B-6 are evaluated in the Sections B4.1 and B4.2.



B4.1 SI Units

4.45  10-5 kg/s										(B-64)

8.63  10-4 kg/s										(B-65)



B4.2 I-P Units

9.82  10-5 lbm/s										(B-66)

0.00190 lbm/s										(B-67)



B5. Calculate the Combined and Expanded Uncertainties of the Mass Flow Rate

Equations B-3 and B-4 are evaluated for the mass flow rate in Sections B5.1 and B5.2. A large degree of freedom is considered ( = 2).



B5.1 SI Units

 10-4  kg/s										(B-68)

 kg/s										(B-69)



The mass flow rate, at 95% confidence level, is:

 ( 0.15731 ± 0.00173 ) kg/s									(B-70)



B5.2 I-P Units

 lbm/s										(B-71)

 lbm/s										(B-72)



The mass flow rate, at 95% confidence level, is:

 ( 0.34680 ± 0.00381 ) lbm/s								(B-73)


























(This annex is not part of this standard. It is merely informative and does not contain requirements necessary for conformance to the standard. It has not been processed according to the ANSI requirements for a standard and may contain material that has not been subject to public review or a consensus process.  Unresolved objectors on informative material are not offered the right to appeal at ASHRAE or ANSI.)





INFORMATIVE ANNEX D APPENDIX C: FLOWMETER ACCURACY COMPARISONS



Table C-1 provides examples of the accuracy of commercial refrigerant flowmeters for comparison purposes.



TABLE C-1 Examples of commercial gas flowmeter accuracies for comparison purposes



		Gas Flow 

Measurement Method

		Gas Flow Measurement

Accuracy



		Coriolis Flowmeters

		±0.1%



		Thermal Flowmeters

		±1%



		Volume-Displacement Flowmeters

		±0.5%



		Orifice Meters

		±0.5%



		Flow Nozzles

		±0.5%



		Venturi Tubes

		±0.5%



		Turbine Flowmeters

		±0.25%



		Variable-Area Flowmeters

		±2%



		Ultrasonic Flowmeters

		±1%



		Vortex-Shedding Flowmeters

		±0.75%



		Drag-Force Flowmeters

		±2%
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FOREWORD



This revision of Standard 41.9-2018 is a comprehensive update.  The most significant changes are the steady-state criteria, and the lubricant circulation rate measurement methods.  This revision meets with ASHRAE’s mandatory language requirements.



This revision of Standard 41.9-2021 makes it easier for the higher-tier ASHRAE standards to adopt this standard by reference, updates the uncertainty requirements, and updates the steady-state criteria sections.  This revision meets ASHRAE’s mandatory language requirements.



PURPOSE



This standard prescribes methods for measuring mass flow rates for refrigerants and refrigerant/lubricant mixtures using calorimeters. 

SCOPE	



2.1 This standard applies to measuring mass flow rates for refrigerants and refrigerant/lubricant mixtures using calorimeters in laboratories. 



2.2 This standard applies where the entire flow stream of the refrigerant or the refrigerant/lubricant mixture enters the calorimeter as a subcooled liquid and leaves as a superheated vapor (evaporator-type).



2.3 This standard applies where the entire flow stream of the refrigerant or the refrigerant/lubricant mixture enters the calorimeter as a superheated vapor and leaves as a subcooled liquid (condenser-type).



DEFINITIONS



The following definitions apply to the terms used in this standard.  



accuracy: the degree of conformity of an indicated value to the corresponding true value. 



calorimeter:  a thermally insulated apparatus containing a heat exchanger that determines refrigerant mass flow rate by measuring the heat input/output that will result in a known enthalpy change for the refrigerant.



error: the difference between the test result and its corresponding true value.



lubricant circulation rate:  the ratio of the mass of lubricant circulating through a refrigerant system to the total mass of refrigerant and lubricant flowing through the system at a specified set of operating conditions.



measurement system: the instruments, signal conditioning systems, if any, and data acquisition system if any.



[bookmark: _Hlk8280735]operating tolerance limit: the upper or lower value of an operating tolerance that is associated with a test point or a targeted set point.



post-test uncertainty: an analysis to establish the uncertainty of a test result after conducting the test.



pretest uncertainty: an analysis to establish the expected uncertainty interval for a test result before conducting the test.



random error: the portion of the total error that varies randomly in repeated measurements of the true value throughout a test process.



refrigerant mass flow rate:  the mass flow rate of refrigerant potentially mixed with lubricant. 



secondary fluid:  a fluid of known properties that is used as a heating or cooling medium.



secondary refrigerant:  a refrigerant of known properties that is used as a heating medium.



steady-state criteria: the criteria that establish negligible change of refrigerant mass flow with time.



subcooling:  at a defined pressure, the difference between a given liquid temperature and the bubble point temperature.



superheat:  at a defined pressure, the difference between a given vapor temperature and the dew point temperature.



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



targeted set point: a specific set of test conditions where the required refrigerant mass flow rate is known and has an associated operating tolerance. 



test point: a specific set of test operating conditions for recording data where the measured required refrigerant mass flow rate is unknown and has an associated operating tolerance.



true value: the unknown, error-free value of a test result.



uncertainty: a determination of the potential error in a measurement that reflects the lack of confidence in the result to a specified level. 



uncertainty: the limits of error within which the true value lies.



unit under test (UUT):  a compressor or condensing unit that is the subject of refrigerant mass flow rate measurements. 



CLASSIFICATIONS



4.1 Calorimeter Types.  Calorimeters that are within the scope of this standard are classified either as evaporator calorimeters or as condenser calorimeters.



4.1.1 Evaporator calorimeters:



a. Secondary refrigerant calorimeter. 

b. Secondary fluid calorimeter.

c. Primary refrigerant calorimeter.



4.1.2 Condenser calorimeter



REQUIREMENTS



5.1 Test Plan.  A test plan shall include the test points, targeted set points, and corresponding operating tolerances to be performed.  The test plan shall be one of the following options:



a. A document provided by the person or the organization that authorized the tests and calculations to be performed. 

b. A method of test standard. 

c. A rating standard.

d. A regulation or code.

e. Any combination of a. through d.



The test plan shall specify:


a. The minimum value for the accuracy or the maximum value of measurement uncertainty of the refrigerant mass flow rate measurement system over the full range of operating conditions. 

b. The values to be determined and recorded are to be selected from this list: refrigerant mass flow rate, pretest refrigerant mass flow rate measurement uncertainty, post-test refrigerant mass flow rate measurement uncertainty, and lubricant circulation rate.

c. Any combination of test points and targeted set points to be performed together with operating tolerances.



5.2 Values to be Determined and Reported. The test values to be determined and reported shall be as shown in Table 5-1. Use the unit of measure in Table 5-1 unless otherwise specified in the test plan in Section 5.1.

Table 5-1 Measurement Values and Units of Measure



		Quantity

		Units of Measure



		

		SI

		I-P



		Refrigerant mass flow rate

		kilogram per second

(kg/s)

		pound (avoirdupois) per hour

(lbm/h)



		Uncertainty in the refrigerant mass flow rate

		kilogram per second

(kg/s)

		pound (avoirdupois) per hour

(lbm/h)



		Lubricant circulation rate

		Dimensionless

		Dimensionless







5.3 Refrigerant Mass Flow Rate. Determine the refrigerant mass flow rate, kg/s (lbm/h), through the unit under test using one of the test methods described in Sections 7 through 10 unless otherwise specified in the test plan in Section 5.1



5.4 Measurement Uncertainty.  The uncertainty in each refrigerant mass flow rate measurement, kg/s (lbm/h), shall be estimated using the methods described in Section 12 for each test point unless otherwise specified in the test plan in Section 5.1.  Alternatively, the worst-case uncertainty for all test points shall be estimated and the same value reported for each test point.



5.4 Pretest Uncertainty Analysis. If required by the test plan in Section 5.1, perform an analysis to establish the expected uncertainty for each refrigerant mass flow rate test point prior to the conduct of that test in accordance with the pretest uncertainty analysis procedures in ASME PTC 19.11.



5.5 Post-test Uncertainty Analysis. If required by the test plan in Section 5.1, perform an analysis to establish the refrigerant mass flow rate measurement uncertainty for each refrigerant mass flow test point in accordance with the post-test uncertainty analysis procedures in ASME PTC 19.11.  Alternatively, if specified in the test plan, the worst-case uncertainty for all test points shall be estimated and the same value reported for each test point.



[bookmark: _Hlk160094515][bookmark: _Hlk160094567]5.5 5.6 Lubricant Circulation Rate 



5.5 5.6.1 The lubricant circulation rate through the calorimeter shall be not more than 2% unless otherwise specified in the test plan in Section 5.1.



[bookmark: _Hlk495552212]5.5 5.6.2 Lubricant circulation rate measurements shall be made in compliance with Section 11 unless the UUT includes a lubricant separator that limits the lubricant circulation rate to not greater than 1000 ppm.



5.5 5.6.3 Any lubricant removed from the refrigerant by a lubricant separator shall be returned to the refrigerant circuit in compliance with Section 5.5 5.6.3.1 or 5.5 5.6.3.2.



5.5 5.6.3.1 If the lubricant separator is integral to the UUT, the lubricant that is removed from the refrigerant in the separator shall be returned to the refrigerant circuit where it is returned in the UUT.  



5.5 5.6.3.2 If an auxiliary lubricant separator is required, the lubricant from the auxiliary lubricant separator shall be returned to the refrigerant circuit at a location downstream of the calorimeter outlet.

5.6 5.7 Lubricant Sampling Port. A sampling port shall be provided for extracting samples of liquid refrigerant and circulating lubricant for use in determining lubricant circulation rates if required by Section 5.6.  

(Informative Note: Sampling port should be located on a straight section of pipe with minimal flow disturbance nearby. Internal volume between the actual tap point and an isolation valve should be minimized to reduce the quantity of stagnant fluid that will be drawn into the sample vessel.)



[bookmark: _Hlk160094755]5.7 5.8 Steady-State Criteria for Refrigerant Mass Flow Rate Measurements. Refrigerant mass flow rate test data shall be recorded at steady-state test conditions unless otherwise stated in the test plan in Section 5.1.  Section 5.8 5.9 describes unsteady-state refrigerant mass flow rate test data recording if required by the test plan. 



[bookmark: _Hlk160099046]5.7 5.8.1 Steady-State Criteria for Compressors that do not Incorporate Pulse-Width Modulation.

Refrigerant mass flow rate test data shall be recorded at steady-state conditions unless otherwise specified in the test plan in Section 5.1.  If the test plan requires refrigerant mass flow rate test data points to be recorded at steady-state test conditions and provides the operating condition tolerance but does not specify the steady-state criteria, then determine that steady-state test conditions have been achieved using one of the following methods:

a. Apply the steady-state criteria in Section 5.7 5.8.1.1 if the test plan provides test points for refrigerant mass flow rate measurement.

b. Apply the steady-state criteria in Section 5.7 5.8.1.2 if the test plan provides targeted set points for refrigerant mass flow rate measurement.

5.7 5.8.1.1 Steady-State Refrigerant Mass Flow Rate Criteria for Test Points

Starting with the time set to zero, sample not less than 30 refrigerant mass flow rate measurements  at equal time intervals  over a test duration  where  is in time units.  Equation 5-1 states the relationship of the test duration to the number of refrigerant mass flow rate samples and the equal time intervals.



 					(5-1)



(Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed refrigerant mass flow rate fluctuations during operation near the steady-state conditions.)

[bookmark: _Hlk8281079]

Record each sampled refrigerant mass flow rate measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the refrigerant mass flow rate data trend line illustrated in Figure 5-1 using Equation 5-2.



				(5-2)



[bookmark: _Hlk22636581](Informative Note: It should be noted that the units for the slope in Equation 5-2 are refrigerant mass flow rate, kg/s (lbm/h), divided by the units that the user has selected for time.)







(Delete Figure 5-1)



[image: ]



Figure 5-1: Graphical illustration of the method for determining the steady-state refrigerant mass flow rate criteria for test points



Determine the mean offset µ of the sampled data using Equation 5-3, and then calculate the standard deviation  using Equation 5-4.



, kg/s (lbm/h)					(5-3)

, kg/s (lbm/h)				(5-4)



The mean of the sampled refrigerant mass flow rates  is defined by Equation 5-5 5-3.



, kg/s (lbm/h)						(5-5 5-3)



, as determined by Equation 5-5, represents the steady-state mean refrigerant mass flow rate provided that one of the following criteria is satisfied:

a. Apply Equation 5-6 if  where  is the specified operating tolerance limit for refrigerant mass flow rate, and if Equation 5-6 is satisfied by not less than 95% of the sampled refrigerant mass flow rates.



, kg/s (lbm/h)					(5-6)



b. Apply Equation 5-7 if  where  is the specified operating tolerance limit for refrigerant mass flow rate, and if Equation 5-7 is satisfied by not less than 95% of the sampled refrigerant mass flow rates.

, kg/s (lbm/h)					(5-7)







, as determined by Equation 5-3, represents the steady-state mean refrigerant mass flow rate provided that one of the following criteria is satisfied:



The difference between the maximum and minimum sampled values must be less than or equal to the specified test operating tolerance as defined in Equation 5-4 where is the operating tolerance limit.

  	kg/s (lbm/h)				(5-4)



The restriction on the slope of the trend line  is defined in Equation 5-5 where  is the sample time interval.

	kg/s (lbm/h)				(5-5)



, as determined by Equation 5-3, represents the steady-state mean refrigerant mass flow rate where Equations 5-4 and 5-5 are both satisfied.



(Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Appendix A – Bibliography items A1 and A2.)



5.7 5.8.1.2 Steady-State Refrigerant Mass Flow Rate Criteria for Targeted Set Points

[bookmark: _Hlk160098472]Starting with the time set to zero, sample not less than 30 refrigerant mass flow rate measurements  at equal time intervals  over a test duration  where  is in time units. Equation 5-8 5-6 states the relationship of the test duration to the number of samples and the equal time intervals.



  					(5-8 5-6)



)Informative Note: Circumstances for measurement vary, so the user should select a duration of test and the equal time intervals based upon the longest period of the observed refrigerant mass flow rate fluctuations during operation near the steady-state conditions.)



[bookmark: _Hlk160098545]Record each sampled refrigerant mass flow rate measurement  and the corresponding time . Apply the least-squares line method to determine the slope b of the refrigerant mass flow rate data trend line illustrated in Figure 5-2 using Equation 5-9 5-7.



				(5-9 5-7) 



(Informative Note: It should be noted that the units for the slope in Equation 5-9 5-7 are refrigerant mass flow rate, kg/s (lbm/h), divided by the units that the user has selected for time.)

	



(Delete Figure 5-2)



[image: ]

Figure 5-2: Graphical illustration of the method for determining the steady-state refrigerant mass flow rate criteria for targeted set points



Determine the mean offset µ of the sampled data using Equation 5-10 and calculate the standard deviation  using Equation 5-11.  



, kg/s (lbm/h)					(5-10)



, kg/s (lbm/h)				(5-11)



[bookmark: _Hlk160098690]The mean of the sampled refrigerant mass flow rates  is defined by Equation 5-12 5-8.



, kg/s (lbm/h)						(5-12 5-8)



A tolerance on the fluctuations about the trend line represents a limit on the fluctuation level relative to the trend line of the sampled data. If the tolerance of fluctuations about the trend line is not specified in the test plan, the bounds for a 95% confidence limit for the fluctuations about the trend line shall then be determined according to Equation 5-13.



, kg/s (lbm/h)					(5-13)



The steady-state condition of the set point refrigerant mass flow rate  exists (a) where Equation 5-14 is satisfied by not less than 95% of the sampled refrigerant mass flow rates whereis the operating tolerance limit for refrigerant mass flow rate 



, kg/s (lbm/h)				(5-14)



(b) where



0.50    0.50 , kg/s (lbm/h)			(5-15)



and (c) where

 

	0.50, kg/s (lbm/h)					(5-16)



[bookmark: _Hlk125269337]The difference between the maximum and minimum sampled values must be less than or equal to the specified test operating tolerance as defined in Equation 5-9 where is the operating tolerance limit.

	kg/s (lbm/h)				(5-9)

[bookmark: _Hlk125269374]The restriction on the slope of the trend line b is defined in Equation 5-10 where  is the sample time interval.

  kg/s (lbm/h)				(5-10)

The difference between the test condition and mean of the sampled values shall be less than or equal to half of the specified operating tolerance limit as defined in Equation 5-11 where  is the set point mass flow rate and   is the operating tolerance limit.

  kg/s (lbm/h)				(5-11)

, as determined by Equation 5-8, represents the steady-state mean refrigerant mass flow rate where Equations 5-8, 5-9, and 5-10 are all satisfied.



(Informative Note: For further reading about this method methods of determining steady-state conditions, refer to Informative Appendix A – Bibliography items A1 and A2.)



5.7 5.8.2 Steady-State Criteria for Compressors that Incorporate Pulse-Width Modulation. 

Compressors that incorporate pulse-width modulation vary the refrigerant flow rate by alternatively switching the refrigerant flow on-and-off for variable time intervals at a specific frequency. To illustrate the principles, Figure 5-3 5-1 shows the theoretical cycle, modeled as a square-wave, for the refrigerant flow in a pulse-width modulated compressor that is switched on to deliver 50% load.  





[image: C:\Users\Footing First\Pictures\41.9\Picture1.jpg]



Figure 5 3 5-1: Theoretical cycle of refrigerant flow rate for a 

pulse-width modulated compressor that delivers 50% load



The off-and-on changes in the refrigerant flow illustrated in Figure 5-1 cause comparable changes in (a) suction and discharge temperatures, (b) suction and discharge pressures, and (c) compressor power input if measurement of the compressor power input is required by the test plan in Section 5.1.  So, each data sample shall consist of the following recorded measurements:

1. Refrigerant mass flow rate, kg/s (lbm/h)

2. Suction temperature, ºC (ºF)

3. Discharge temperature, ºC (ºF)

4. Suction pressure, kPa (psia)

5. Discharge pressure, kPa (psia)

6. Power input, W (W), if required by the test plan in Section 5.1.

[bookmark: _Hlk160099205]The time interval for recording test samples shall be determined from Equation 5-17 5-12 if the load is less than 50%, or from Equation 5-18 5-13 if the load is 50% or greater. 



						(5-17 5-12) 



						(5-18 5-13) 

where

tts = time interval between sequential test samples

ton = time interval in each cycle that the refrigerant flow is on

toff = time interval in each cycle that the refrigerant flow is off

n = an integer not less than 5



Each data set is comprised of not less than 30 consecutive cycles of test samples. Not less than 3 sequential data sets shall be recorded for each test data point.

Steady-state operation for a pulse-width modulated compressor shall be established where the following requirements have been achieved unless otherwise specified in the test plan in Section 5.1:

a. The recording time interval for each data set shall be within ±5% of the average recording time interval for the combined data sets.

b. The refrigerant mass flow rate recorded for each data set shall be within ±2% of the average refrigerant mass flow rate for the combined data sets.

c. The pressure and temperature tolerances must be within the test condition tolerances during data recording specified in each calorimeter method.

(Informative Note: See Sections 7.7, 8.7, 9.7, and 10.7 for the test condition for each method.)

 

5.8 5.9 Unsteady-State Refrigerant Mass Flow Rate Measurements.  If required by the test plan in Section 5.1, refrigerant mass flow rate test data shall be recorded:

a. at operating conditions that are not steady state, 

b. at the time intervals specified in the test plan,

c. within the test condition limits specified in the test plan, 

d. using instrument response times specified in the test plan.



5.9 5.10 Refrigerant Properties. Refrigerant properties shall be obtained from NIST Reference Fluid Thermodynamic and Transport Properties Database (REFPROP)1 (REFPROP)2 or from the refrigerant supplier if a constituent of the refrigerant being tested is not included in REFPROP.

5.10 5.11 Input Power. Compressor input power shall be measured in compliance with ANSI/ASHRAE 41.112 41.113 if required by the test plan in Section 5.1.



5.11 5.12 Safety Requirements. Test apparatus shall be designed in compliance with ANSI/ASHRAE 15.3 15.4 Materials of construction shall be selected based on refrigerant flammability, toxicity, structural strength, rigidity, corrosion resistance, chemical compatibility with the fluid, and wear resistance. 



INSTRUMENTS



6.1. Instrumentation Requirements for All Measurements



6.1.1 Instruments and data acquisition systems shall be selected to meet the measurement system accuracy or uncertainty specified in the test plan in Section 5.1.



6.1.2 Measurements from the instruments shall be traceable to primary or secondary standards calibrated by the National Institute of Standards and Technology (NIST) or to the Bureau International des Poids et Mesures (BIPM) if a National Metrology Institute (NMI) other than NIST is used.  In either case, the indicated corrections shall be applied to meet the uncertainty stated in subsequent sections. Instruments shall be recalibrated on regular intervals that do not exceed the intervals prescribed by the instrument manufacturer, and calibration records shall be maintained. Instruments shall be installed in compliance with the instrument manufacturer’s requirements or the manufacturer’s accuracy does not apply.

6.1.3 Instruments shall be applied and used in compliance with the following standards:



a. [bookmark: _Hlk160099888]Temperature: ANSI/ASHRAE 41.14 41.15

b. Pressure: ANSI/ASHRAE 41.35 41.36

c. Lubricant circulation rate: ANSI/ASHRAE 41.46 41.47

d. Coolant liquid flow rate: ANSI/ASHRAE 41.87 41.87

6.2 Temperature Measurements. If temperature measurements are required by the test plan in Section 5.1, the temperature measurement system accuracy shall be within the following limits unless otherwise specified in the test plan.

a. Temperature measurement system accuracy shall be within ±0.28°C (±0.5°F) for laboratory applications.

b. Temperature difference measurement system accuracy for laboratory applications shall be within ±l.0% of the measured temperature difference but not more accurate than ±0.1 K (±0.2°R) ±0.1°C (±0.2°F).

(Informative Note:  Informative Appendix D describes sources of temperature measurement errors.)

[bookmark: _Toc253839875]

6.3 Pressure Measurements.  

6.3.1 If pressure measurements are required by the test plan in Section 5.1, the pressure measurement system accuracy shall be within ±7 kPa (±1 psia) unless otherwise specified in the test plan.  If absolute pressure sensors are not used, the barometric pressure shall be added to the gage pressure readings to obtain absolute pressure values prior to performing uncertainty calculations.



6.3.2 If differential pressure measurements are required by the test plan, the pressure measurement system accuracy shall be within ±1% of the measured pressure difference but not more accurate than ±7 kPa (±1 psia) unless otherwise specified in the test plan. Pressure shall be measured in close proximity to the flow meter in compliance with the flow meter manufacturer’s specifications.



6.4 Coolant Liquid Flow Rate Measurements.  If the UUT or the selected calorimeter method includes coolant liquid flow rate measurement, the measurement system errors shall be measured within ±1.0% of reading in laboratory applications unless otherwise specified in the test plan in Section 5.1.

	

6.5 Time Measurements. Time measurement system accuracy shall be within ±0.5% of the elapsed time measured, including any uncertainty associated with starting and stopping the time measurement unless (a) otherwise specified in the test plan in Section 5.1, or (b) a different value for time measurement system accuracy is required to be consistent with the refrigerant flow rate measurement system accuracy specified in the test plan.



6.6 Mass Measurements. If mass measurements are required by the test plan in Section 5.1, the measurement system errors shall be within ±0.2% of the reading unless otherwise specified in the test plan. 



SECONDARY REFRIGERANT CALORIMETER METHOD



7.1 Equipment Description. A secondary refrigerant calorimeter method, shown schematically in Figure 7-1, shall consist of two independent fluid circuits located in heat exchange relationship to each other.  The primary refrigerant evaporator coil is suspended in the upper portion of an insulated pressure vessel.  The secondary refrigerant in the lower portion of the same vessel provides the heat required to evaporate the primary refrigerant.  Heat input to the calorimeter is supplied to the liquid portion of the secondary refrigerant.  A refrigerant control device that serves as a variable flow restriction shall be included in the calorimeter. 



Informative Notes: 

1. The refrigerant control device and the refrigerant line to the calorimeter should be insulated. 

2. Section 7.4 requires the heat leakage from the calorimeter to be less than 5%.

3. Temperature sensors should be shielded from circulating air as described in Informative Appendix E.







Figure 7-1: Secondary Refrigerant Calorimeter Method



7.2 Calorimeter Safety Features. The calorimeter shall be equipped with (a) a safety switch that will stop the flow of heat into the secondary refrigerant and (b) a spring-actuated or rupture-disk type pressure relief valve.  The pressure settings for the safety switch and the pressure relief valve shall be determined by the test equipment manufacturer, and the safety switch setting shall be set to open at 85% of the pressure relief valve.  



7.3 Test Data. Test data to be recorded at each steady-state test condition in compliance with Section 5.7:

a. Primary refrigerant vapor pressure at the evaporator outlet P2.

b. Primary refrigerant vapor temperature at the evaporator outlet T2.

c. Primary refrigerant liquid pressure entering the refrigerant control device P4.

d. Primary refrigerant liquid temperature entering the refrigerant control device T4.

e. Ambient air temperature surrounding the calorimeter Ta.

f. Secondary refrigerant pressure Ps.

g. Heat input to the secondary refrigerant Qh.

h. Total input power to the UUT, if required by the test plan in Section 5.1.



7.4 Heat Leakage. The heat leakage to the surroundings for each calorimeter shall be measured once and the results shall be applied to all subsequent refrigerant mass flow rate measurements.  The heat leakage shall be less than 5% of the heat input to the calorimeter. 



(Informative Note: Additional insulation is needed if the heat leakage exceeds 5% of the heat input to the calorimeter.)



7.4.1 Heat leakage of a secondary refrigerant calorimeter shall be determined as follows:

a. The ambient temperature around the calorimeter components shall not exceed 49°C (120°F) and shall be stable within ±0.6C (±1F) during the test.

b. [bookmark: _Hlk495504701]With no primary refrigerant circulating, the heat input to the secondary refrigerant shall be set to control the saturated temperature of the secondary refrigerant to not less than 14K (25°R) 49°C (120°F) above ambient temperature and shall be stable within ±0.6C (±1F) during the test.  

c. Secondary refrigerant saturated temperature readings shall be recorded at one‑hour intervals until four successive saturated temperature reading are within ±0.6C (±1F).

d. This heat leakage test measures the heat leakage out of the calorimeter because Ts > Ta, but the leakage into the calorimeter equals the leakage out of the compressor if these temperatures are reversed.  For this calorimeter method, the heat leakage is into the calorimeter because the evaporator temperature is less than the ambient temperature during mass flow rate testing. 

7.4.2 The heat leakage coefficient shall be determined using Equation 7-1:



					(7-1)



					(7-1)





where



Qa = calorimeter heat leakage, W (Btu/h)

AUa UA = heat leakage coefficient, W-°C (Btu/h‑°F)

Ts = secondary refrigerant saturated temperature, °C (°F)

Ta = ambient temperature surrounding the calorimeter, °C (°F)



7.4.3 Heat leakage measured at each test point during subsequent calorimeter tests shall be determined using Equation 7-2:



					(7-2)



					(7-2)





where



Qa = calorimeter heat leakage, W (Btu/h)

AUa UA = heat leakage coefficient obtained from Equation 7-1, W-°C (Btu/h‑°F)

Ta = ambient temperature surrounding the calorimeter, °C (°F)

Ts = secondary refrigerant saturated temperature, °C (°F)



7.5 Preparations



[bookmark: _Hlk160170173]7.5.1 A sampling port shall be provided for extracting samples of liquid refrigerant and circulating lubricant for use in determining lubricant circulation rates if required by Section 5.5 5.6. 



7.5.2 The refrigerant system shall be leak tested. Use a vacuum pump to evacuate the refrigerant system to a pressure less than 26.7 Pa (200 microns). After achieving this vacuum, close valves to isolate the refrigerant system from the vacuum pump for not less than 15 minutes. During that time, the pressure shall not be greater than 28.7 Pa (215 microns) unless otherwise specified in the test plan.



7.5.3 If the refrigerant system is not pre-charged with lubricant, install the lubricant charge as prescribed by the UUT manufacturer, and then evacuate the system to less than 26.7 Pa (200 microns) unless otherwise specified in the test plan.  Then charge the system with the specified refrigerant type and the quantity of refrigerant required for calorimeter testing.



7.6 Operating Procedures



7.6.1 Vary the refrigerant control to set the calorimeter outlet pressure P2 specified in the test plan in Section 5.1.



7.6.2 Vary the heat input to the calorimeter to regulate the refrigerant vapor temperature exiting the calorimeter T2 to achieve the superheat specified in the test plan in Section 5.1.



7.6.3 Vary the condenser cooling flow rate or temperature to set the pressure entering the refrigerant control device P4 specified in the test plan in Section 5.1.  



7.6.4 Set the subcooling specified in the test plan in Section 5.1.  



7.6.5 Lubricant circulation rate measurements, if required by Section 5.5 5.6, shall be made using the procedures defined in Section 11.



7.7 Test Condition Tolerances during Data Recording



7.7.1 The mean of pressures P2 and P4 shall be maintained within ±1% of the pressures specified in the test plan.  



7.7.2 Temperature T2 shall be maintained within ±1°C (±2ºF) of the temperature specified in the test plan.



7.7.3 The refrigerant vapor exiting the calorimeter shall have not less than 2.8K (5R) 2.8°C (5F) of superheat.



7.7.4 The refrigerant liquid entering the refrigerant control device shall have not less than 5.6K (10R) 5.6°C (10F) of subcooling and shall be maintained within ±0.6K (±1R) ±0.6°C (±1F) during the test.  



7.7.5 Variations in the ambient air temperature surrounding the calorimeter components shall be limited to within ±4C (±7F).

	

7.8 Refrigerant Mass Flow Rate Calculations. Refrigerant mass flow rates measured using the secondary refrigerant calorimeter method shall be calculated using Equation 7-3:



					(7-3)

where:

 =	refrigerant mass flow rate, kg/s (lbm/h)

Qh =	measured heat input to the calorimeter, kW (Btu/h)

Qa =	calorimeter heat leakage obtained from Equation 7-2, kW (Btu/h)

h2 =	primary refrigerant vapor enthalpy at the calorimeter outlet, kJ/kg (Btu/lbm)

h4 =	primary refrigerant enthalpy at the inlet of the refrigerant control device, kJ/kg (Btu/lbm)



7.9 Post-Test Refrigerant Mass Flow Rate Measurement Uncertainty. Post-test measurement Measurement uncertainty in the refrigerant mass flow rate measurement shall be estimated using the procedures prescribed in Section 12 as if required by the test plan in Section 5.4 5.1.



SECONDARY FLUID CALORIMETER METHODS



8.1 Equipment Description. A secondary fluid calorimeter shall consist of two independent fluid circuits located in heat exchange relationship to each other.  The refrigerant enters the calorimeter as a subcooled liquid and leaves the calorimeter as a superheated vapor.  A secondary fluid with known transport properties circulates through the outer circuit and provides the heat required to evaporate the refrigerant.  A refrigerant control device that serves as a variable flow restriction shall be included in the calorimeter. 



(Informative Notes: 

1. The refrigerant control device and the refrigerant line to the calorimeter should be insulated. 

2. Section 8.4 requires the heat leakage from the calorimeter to be less than 5%.

3. Temperature sensors should be shielded from circulating air as described in Informative Appendix E.)

Figure 8-1 is a schematic of a secondary fluid calorimeter that uses a single-phase liquid as the secondary fluid. 



(Informative Note: 

Water and brine are examples of single-phase liquids that are used in secondary fluid calorimeters.)



[image: C:\Users\Footing First\Pictures\41.9\Fig 8-1.jpg]



 Figure 8-1: Secondary Fluid Calorimeter That Uses a Single-Phase Liquid






Figure 8-2 is a schematic of a secondary fluid calorimeter that uses a two-phase fluid as the secondary fluid.  



(Informative Note: Steam is an example of a two-phase fluid that is used in secondary fluid calorimeters.)







[image: C:\Users\Footing First\Pictures\41.9\Fig 8-2.jpg]



Figure 8-2: Secondary Fluid Calorimeter That Uses a Two-Phase Fluid



8.2 Calorimeter Safety Features. The calorimeter shall be equipped with a safety switch that will stop the flow of heat into the secondary fluid and a spring-actuated or rupture-disk type pressure relief valve.   The pressure settings for the safety switch and the pressure relief valve shall be determined by the test equipment manufacturer, and the safety switch setting shall be set to open at 85% of the pressure relief valve.  



8.3 Test Data



8.3.1 Single-Phase Liquid Secondary Fluid. Test data to be recorded at each steady-state test condition in compliance with Section 5.7 where a single-phase liquid is used as the secondary fluid:

a. Refrigerant vapor pressure at the evaporator outlet P2.

b. Refrigerant vapor temperature at the evaporator outlet T2.

c. Liquid refrigerant pressure at the refrigerant control device inlet P4.

d. Liquid refrigerant temperature at the refrigerant control device inlet T4.

e. Ambient air temperature surrounding the calorimeter Ta.

f. Single-phase liquid temperature entering the calorimeter Tw1.

g. Single-phase liquid temperature exiting the calorimeter Tw2.

h. Single-phase liquid mass flow rate .

i. Total input power to the UUT, if required by the test plan in Section 5.1.





8.3.2 Two-Phase Secondary Fluid. Test data to be recorded at each steady-state test condition in compliance with Section 5.7 where a two-phase fluid is used as the secondary fluid:

a. Refrigerant vapor pressure at the evaporator outlet P2.

b. Refrigerant vapor temperature at the evaporator outlet T2.

c. Liquid refrigerant pressure at the refrigerant control device inlet P4.

d. Liquid refrigerant temperature at the refrigerant control device inlet T4.

e. Ambient air temperature surrounding the calorimeter Ta.

f. Two-phase fluid temperature entering the calorimeter Ts1.

g. Two-phase fluid pressure in the calorimeter Ps1.

h. Two-phase fluid temperature exiting the calorimeter Ts2.

i. Two-phase fluid mass flow rate .

j. Surface temperature of the pressure vessel Tc.

k. Total input power to the UUT, if required by the test plan in Section 5.1.



8.4 Heat Leakage. The heat leakage to the surroundings for each calorimeter shall be measured once, and the results shall be applied to all subsequent refrigerant flow rate measurements.  The heat leakage shall be less than 5% of the heat input to the calorimeter. 



(Informative Note: Additional insulation is needed if the heat leakage exceeds 5% of the heat input to the calorimeter.)



8.4.1 Heat leakage of the calorimeter shall be determined by circulating the heating medium through the outer circuit of the calorimeter when there is no load other than heat leakage. This heat leakage test measures the heat leakage out of the calorimeter, but the leakage into the calorimeter equals the leakage out of the compressor if the temperatures used in this heat leakage test are reversed.  For this calorimeter method, the heat leakage is into the calorimeter because the evaporator temperature is less than the ambient temperature during mass flow rate testing. 

8.4.1.1 If single-phase liquid is used, the temperature difference between single-phase liquid entering and exiting the calorimeter shall be not less than 14K (25°R) 14°C (25°F) above the ambient temperature.  The ambient temperature shall be not more than 32ºC (90F) and shall be stable within ±0.6C (±1F) during the test.  The test shall be continued until four successive single-phase liquid inlet and outlet temperatures taken at one‑hour intervals show variations not more than ±0.1ºC (±0.2F) at constant flow rates.

8.4.1.2 If two-phase fluid is used as the heating medium, heat leakage of the calorimeter shall be determined by collecting and weighing the two-phase fluid condensate from the heating medium circuit.  The two-phase fluid pressure shall be within ±4 kPa (±0.5 psia) at the selected pressure. The ambient temperature shall be not more than 32ºC (90F) and shall be stable within ±0.6C (±1F) during the test. The two-phase fluid superheat shall be not less than 4.4K (8R) 4.4°C (8F).  The test shall be continued until four successive readings of condensate weight taken at not less than one‑hour intervals are within 1% of each other.






The heat leakage coefficient shall be determined using Equation 8-1 for a single-phase liquid, and from Equation 8-2 for a two-phase fluid:



		(8-1)



		(8-1)



					(8-2)



					(8-2)





where

AUa UA = heat leakage coefficient, kW/°C ((Btu/(h‑°F))

= single-phase liquid mass flow rate, kg/s (lbm/h)

= two-phase fluid mass flow rate, kg/s (lbm/h)	

cp = single-phase liquid constant pressure specific heat at the average temperature, (Tw1 + Tw2)/2, kJ/kg-°C (Btu/(lbm‑°F))

hs4 = two-phase fluid enthalpy entering the calorimeter, kJ/kg (Btu/lbm)

hs2 = two-phase fluid enthalpy exiting the calorimeter, kJ/kg (Btu/lbm)

Ta = ambient temperature surrounding the calorimeter, °C (°F)

Tc = surface temperature of the pressure vessel if two-phase fluid is used, °C (°F)

Tw1 = single-phase liquid temperature entering the calorimeter, °C (°F)

Tw2 = single-phase liquid temperature exiting the calorimeter, °C (°F)



8.4.3 Heat leakage measured at each test point during subsequent calorimeter tests shall be determined using Equation 8-3 for a single-phase liquid, and using Equation 8-4 for a two-phase fluid: 



					(8-3)



			(8-3)





				(8-4)



				(8-4)



where

Qa = calorimeter heat leakage, kW (Btu/h)

AUa UA = heat leakage coefficient, kW/°C ((Btu/(h‑°F))

Ta = ambient temperature surrounding the calorimeter, °C (°F)

Tc = mean surface temperature of the pressure vessel if a two-phase fluid is used, °C (°F)

Tw1 = single-phase liquid temperature entering the calorimeter, °C (°F)

Tw2 = single-phase liquid temperature exiting the calorimeter, °C (°F)



8.5 Preparations



8.5.1 A sampling port shall be provided for extracting samples of liquid refrigerant and circulating lubricant for use in determining lubricant circulation rates if required by Section 5.5 5.6.. 



8.5.2 The refrigerant system shall be leak tested. Use a vacuum pump to evacuate the refrigerant system to a pressure less than 26.7 Pa (200 microns). After achieving this vacuum, close valves to isolate the refrigerant system from the vacuum pump for not less than 15 minutes. During that time, the pressure shall not be greater than 28.7 Pa (215 microns) unless otherwise specified in the test plan.



8.5.3 If the refrigerant system is not pre-charged with lubricant, install the lubricant charge as prescribed by the UUT manufacturer, and then evacuate the system to less than 26.7 Pa (200 microns) unless otherwise specified in the test plan.  Then charge the system with the specified refrigerant type and the quantity of refrigerant required for calorimeter testing.



8.6 Operating Procedures



8.6.1 Vary the refrigerant control to set the calorimeter outlet pressure P2 in compliance with the test plan in Section 5.1.



8.6.2 Vary the heat input to the calorimeter to regulate the refrigerant vapor temperature exiting the calorimeter T2 to achieve the superheat in specified in the test plan in Section 5.1.



[bookmark: _Hlk43468742]8.6.3 Vary the condenser cooling flow rate or temperature to set the pressure entering the refrigerant control device P4 specified in the test plan in Section 5.1.  



8.6.4 Set the subcooling specified in the test plan in Section 5.1.  



8.6.5 Lubricant circulation rate measurements, if required by Section 5.5 5.6 shall be made using the procedures defined in Section 11.



8.7 Test Condition Tolerances during Data Recording



8.7.1 The mean of pressures P2 and P4 shall be maintained within ±1% of the pressures specified in the test plan.  



8.7.2 Temperature T2 shall be maintained within ±1°C (±2ºF) of the temperature specified in the test plan.



8.7.3 The refrigerant vapor exiting the calorimeter shall have not less than 2.8K (5R) 2.8°C (5F) of superheat.



[bookmark: _Hlk160110871]8.7.4 The refrigerant liquid entering the refrigerant control device shall have not less than 5.6K (10R) 5.6°C (10F) of subcooling and shall be maintained within ±0.6K (±1R) ±0.6°C (±1F) during the test.  



8.7.5 Variations in the ambient air temperature surrounding the calorimeter shall be limited to within ±4C (±7F).



8.8 Calculations. Refrigerant mass flow rates measured using the secondary fluid method shall be calculated using Equation 8-5 for a single-phase liquid, and using Equation 8-5 for a two-phase fluid: 



			(8-5)







				(8-6)





where:



 = refrigerant mass flow rate, kg/s (lbm/h)

		 = two-phase fluid mass flow rate, kg/s (lbm/h)

 = single-phase fluid mass flow rate, kg/s (lbm/h)

c = single-phase liquid constant pressure specific heat at the average temperature, (Tw1 + Tw2)/2, kJ/kg- ºC (Btu/ (lbm - ºF))

hs4	=	two-phase fluid enthalpy entering the calorimeter, kJ/kg (Btu/lbm)

hs2	=	two-phase fluid enthalpy exiting the calorimeter, kJ/kg (Btu/lbm)

h4 = refrigerant liquid enthalpy entering the refrigerant control device, kJ/kg (Btu/lbm)

h2 = refrigerant vapor enthalpy exiting the calorimeter, kJ/kg (Btu/lbm)

Twl = single-phase liquid temperature entering the calorimeter, ºC (°F)

Tw2 = single-phase liquid temperature exiting the calorimeter, ºC (ºF)

Qa = calorimeter heat leakage, kW (Btu/h)



8.9 Post-Test Refrigerant Mass Flow Rate Measurement Uncertainty.  Post-test measurement Measurement uncertainty in the refrigerant mass flow rate measurement shall be estimated using the procedures prescribed in Section 12 as if required by the test plan in Section 5.4 5.1.



PRIMARY REFRIGERANT CALORIMETER METHOD



[bookmark: _Hlk160109537]9.1 Equipment Description. The primary refrigerant calorimeter method, shown schematically in Figure 9-1, consists of an arrangement of refrigerant tubes or tubular vessels designed to evaporate the refrigerant flow.  Heat input shall be provided by an electric heating device appropriate to the evaporator configuration.  A refrigerant control device that serves as a flow restriction shall be included in the calorimeter.

  

(Informative Notes: 

1. The refrigerant control device and the refrigerant line to the calorimeter should be insulated. 

2. Section 9.4 requires the heat leakage from the calorimeter to be less than 5%.

3. Temperature sensors should be shielded from circulating air as described in Informative Appendix E.)







Figure 9-1: Primary Refrigerant Calorimeter Method



9.2 Calorimeter Safety Features. The calorimeter shall be equipped with a safety switch that will stop the flow of heat input and a spring-actuated or rupture-disk type pressure relief valve. The pressure settings for the safety switch and the pressure relief valve shall be determined by the test equipment manufacturer, and the safety switch setting shall be set to open at 85% of the pressure relief valve.  



9.3 Test Data. Test data to be recorded at each steady-state test condition in compliance with Section 5.7:

a. Refrigerant vapor pressure at the evaporator outlet P2.

b. Refrigerant vapor temperature at the evaporator outlet T2.

c. Liquid refrigerant pressure entering the refrigerant control device P4.

d. Liquid refrigerant temperature entering the refrigerant control device T4.

e. Ambient air temperature surrounding calorimeter Ta.

f. Calorimeter heat input Qh.

g. Surface temperature of the pressure vessel Ts.

h. Total input power to the UUT if required by the test plan in Section 5.1.



9.4 Heat Leakage. The heat leakage to the surroundings for each calorimeter shall be measured once and the results shall be applied to all subsequent refrigerant flow rate measurements.  The heat leakage shall be less than 5% of the heat input to the calorimeter. 



(Informative Note: Additional insulation is needed if the heat leakage exceeds 5% of the heat input to the calorimeter.)



9.4.1 Heat leakage of a primary refrigerant calorimeter shall be determined as follows:

a. The ambient temperature around the calorimeter shall not exceed 49°C (120°F) and shall be stable within ±0.6C (±1F) during the test.

b. With no refrigerant circulating, the heat input to the refrigerant shall be set to control the surface temperature Ts to not less than 14K (25°R) 14°C (25°F) above ambient temperature and shall be stable within ±0.6K (±1R) ±0.6°C (±1°F) during the test.  

c. Surface temperature readings shall be recorded at one‑hour intervals until four successive saturated temperature readings are within ±0.6C (±1F).

d. This heat leakage test measures the heat leakage out of the calorimeter, but the leakage into the calorimeter equals the leakage out of the compressor if the temperatures used in this heat leakage test are reversed.  For this calorimeter method, the heat leakage is into the calorimeter because the evaporator temperature is less than the ambient temperature during mass flow rate testing. 



9.4.2 The heat leakage coefficient shall be determined using Equation 9-1:



					(9-1)



					(9-1)



where

Qa = calorimeter heat leakage, W (Btu/h)

AUa UA = heat leakage coefficient, W/°C (Btu/h‑°F)

Ts = surface temperature, °C (°F)

Ta = ambient temperature surrounding the calorimeter, °C (°F)



9.4.3 Heat leakage measured at each test point during subsequent calorimeter tests shall be determined using Equation 9-2:



					(9-2)



					(9-2)



Where



Qa = calorimeter heat leakage, W (Btu/h)

AUa UA = heat leakage coefficient obtained from Equation 9-1, W/°C (Btu/h‑°F)

Ts = surface temperature, °C (°F)

Ta = ambient temperature around the calorimeter, °C (°F)

9.5 Preparations



9.5.1 A sampling port shall be provided for extracting samples of liquid refrigerant and circulating lubricant for use in determining lubricant circulation rates if required by Section 5.5 5.6. 



9.5.2 The refrigerant system shall be leak tested. Use a vacuum pump to evacuate the refrigerant system to a pressure less than 26.7 Pa (200 microns). After achieving this vacuum, close valves to isolate the refrigerant system from the vacuum pump for not less than 15 minutes. During that time, the pressure shall not be greater than 28.7 Pa (215 microns) unless otherwise specified in the test plan.



9.5.3 If the refrigerant system is not pre-charged with lubricant, install the lubricant charge as prescribed by the UUT manufacturer, and then evacuate the system to less than 26.7 Pa (200 microns) unless otherwise specified in the test plan.  Then charge the system with the specified refrigerant type and the quantity of refrigerant required for calorimeter testing.



9.6 Operating Procedures



9.6.1 Vary the refrigerant control to set the calorimeter outlet pressure P2 specified in the test plan in Section 5.1.



9.6.2 Vary the heat input to the calorimeter to regulate the refrigerant vapor temperature exiting the calorimeter T2 to achieve the superheat specified in the test plan in Section 5.1.



9.6.3 Vary the condenser cooling flow rate or temperature to set the pressure entering the refrigerant control device P4 specified in the test plan in Section 5.1.  



9.6.4 Set the subcooling specified in the test plan in Section 5.1.  



9.6.5 Lubricant circulation rate measurements, if required by Section 5.5 5.6, shall be made using the procedures defined in Section 11.



9.7 Test Condition Tolerances during Data Recording



9.7.1 The mean of pressures P2 and P4 shall be maintained within ±1% of the pressures specified in the test plan.  



[bookmark: _Hlk160111119]9.7.2 Temperature T2 shall be maintained within ±1ºC (±2ºF) of the temperature specified in the test plan.



9.7.3 The refrigerant vapor exiting the calorimeter shall have not less than 2.8K (5R) 2.8 ºC (5F) of superheat.



9.7.4 The liquid entering the refrigerant control device shall have not less than 2.8K (5R) 2.8ºC (10 F) of subcooling and be maintained within ±0.6K (±1R) ±0.6 ºC (±1F).  



9.7.5 Variations in the ambient air temperature surrounding the calorimeter shall be limited to within ±4C (±7F).



9.8 Calculations. Refrigerant mass flow rates measured using the primary refrigerant calorimeter method shall be calculated using Equation 9-3:

						(9-3)



where

	=    refrigerant mass flow rate, kg/s (lbm/h)

Qh	=	measured heat input to the calorimeter, kW (Btu/h)

Qa	=	calorimeter heat leakage obtained from Equation 9-2, kW (Btu/h)

h2	=	refrigerant vapor enthalpy exiting the calorimeter, kJ/kg (Btu/lbm)

 h4 = refrigerant liquid enthalpy entering the refrigerant control device, kJ/kg (Btu/lbm)



9.9 Post-Test Refrigerant Mass Flow Rate Measurement Uncertainty. Post-test measurement Measurement uncertainty in the refrigerant mass flow rate measurement shall be estimated using the procedures prescribed in Section 12 as if required by the test plan in Section 5.4 5.1.



CONDENSER CALORIMETER METHOD



10.1 Equipment Description. The condenser calorimeter method, shown schematically in Figure 10-1, consists of a heat exchanger that is cooled by a single-phase liquid with known transport properties and capable of condensing superheated refrigerant vapor and producing subcooled refrigerant liquid.  



(Informative Notes: 

1. Water is an example of a single-phase liquid with known transport properties.

2. The refrigerant lines entering and exiting the calorimeter should be insulated. 

3. Section 10.4 requires the heat leakage from the calorimeter to be less than 5%.

4. Temperature sensors should be shielded from circulating air as described in Informative Appendix E.)




















Figure 10-1: Condenser Calorimeter Method



10.2 Calorimeter Safety Features. The calorimeter shall be equipped with a safety switch that will stop the flow of heat into the refrigerant and a spring-actuated or rupture-disk type pressure relief valve.   The pressure settings for the safety switch and the pressure relief valve shall be determined by the test equipment manufacturer and the safety switch setting shall be set to open at 85% of the pressure relief valve.  



10.3 Test Data. Test data to be recorded at each steady-state test condition in compliance with Section 5.6:

a. Refrigerant vapor pressure entering the condenser P3.

b. Refrigerant vapor temperature entering the condenser T3.

c. Pressure of the liquid refrigerant exiting the condenser P4.

d. Liquid refrigerant temperature exiting the condenser T4.

e. Single-phase liquid temperature entering the condenser Tw1.

f. Single-phase liquid temperature exiting the condenser Tw2.

g. Ambient temperature surrounding the calorimeter Ta.

h. Single-phase liquid mass flow rate .

i. Surface temperature of the pressure vessel Tc.

j. Total input power to the UUT if required by the test plan in Section 5.1.



10.4 Heat Leakage. The heat leakage to the surroundings for each calorimeter shall be measured once, and the results shall be applied to all subsequent refrigerant flow rate measurements.  The heat leakage shall be less than 5% of the heat input to the calorimeter. 



(Informative Note: Additional insulation is needed if the heat leakage exceeds 5% of the heat input to the calorimeter.)



Heat leakage shall be determined using Equation 10-1:



					(10-1)



					(10-1)



where



Qa	=	calorimeter heat leakage, kW (Btu/h)

A	=	outside surface area of the condenser, m2 (ft2)

Ua U =	condenser‑to‑air heat transfer coefficient:  Ua U = 10 W/(m2-ºC) [Btu/(h-ft2- ºF)]

Tc	=	surface temperature of the pressure vessel, ºC (ºF)

Ta	=	ambient temperature, ºC (º F)



10.5 Preparations



10.5.1 A sampling port shall be provided for extracting samples of liquid refrigerant and circulating lubricant for use in determining lubricant circulation rates if required by Section 5.5 5.6.. 



10.5.2 The refrigerant system shall be leak tested.   Use a vacuum pump to evacuate the refrigerant system to a pressure less than 26.7 Pa (200 microns). After achieving this vacuum, close valves to isolate the refrigerant system from the vacuum pump for not less than 15 minutes. During that time, the pressure shall not be greater than 28.7 Pa (215 microns) unless otherwise specified in the test plan.



10.5.3 If the refrigerant system is not pre-charged with lubricant, install the lubricant charge as prescribed by the UUT manufacturer, and then evacuate the system to less than 26.7 Pa (200 microns) unless otherwise specified in the test plan.  Then charge the system with the specified refrigerant type and the quantity of refrigerant required for calorimeter testing.



10.6 Operating Procedures



10.6.1 Vary the refrigerant control device to set the condenser outlet pressure P4 specified in the test plan in Section 5.1.



10.6.2 Vary the heat output from the condenser to regulate the refrigerant liquid temperature exiting the condenser T4 to achieve the subcooling specified in the test plan in Section 5.1.



10.6.3 Set the pressure entering the condenser P3 specified in the test plan in Section 5.1.  



10.6.4 Lubricant circulation rate measurements, if required by Section 5.5 5.6 shall be made using the procedures defined in Section 11.



10.7 Test Condition Tolerances during Data Recording



10.7.1 The mean of pressures P3 and P4 shall be maintained within ±1% of the pressures specified in the test plan.  



10.7.2 Temperature T4 shall be maintained within ±1ºC (±2º F) of the temperature specified in the test plan.



10.7.3 The liquid entering the refrigerant control device shall have not less than 6K (10R) 6ºC (10F) of subcooling and be maintained within ±0.6K (±1R) ±0.6 ºC (±1F).   



10.7.4 Variations in the ambient air temperature surrounding the calorimeter shall be limited to within ±4C (±7F).



10.8 Refrigerant Mass Flow Rate Calculations. The refrigerant mass flow rate measured using the condenser calorimeter method shall be calculated using Equation 10-2:



			(10-2)

where

	=	refrigerant mass flow rate, kg/s (lbm/h)

=	single-phase liquid mass flow rate, kg/s (lbm/h)

cp	=	constant pressure specific heat of single-phase liquid at the average temperature, (tw1 + t w2)/2, kJ/(kg‑ ºC), (Btu/(lbm- ºF))

Tw1	= 	single-phase liquid temperature entering the calorimeter, ºC (ºF)

Tw2	=	single-phase liquid temperature exiting the calorimeter, ºC (ºF)

Qa	=	calorimeter heat leakage obtained from Equation 10-1, kW (Btu/h)

h3	=	refrigerant vapor enthalpy entering the calorimeter, kJ/kg (Btu/lbm)

h4	=	refrigerant liquid enthalpy exiting the calorimeter, kJ/kg (Btu/lbm)

 

10.9 Post-Test Refrigerant Mass Flow Rate Measurement Uncertainty. Post-test measurement Measurement uncertainty in the refrigerant mass flow rate measurement shall be estimated using the procedures prescribed in Section 12 as if required by the test plan in Section 5.4 5.1.



[bookmark: _Hlk535817241]LUBRICANT CIRCULATION RATE MEASUREMENTS



11.1 Symbols. Table 11-1 defines the symbols used in Section 11.



		Symbol

		Description

		SI Units

		I-P Units



		

		Lubricant circulation rate through the calorimeter, %

		dimensionless



		

		Lubricant circulation rate through the lubricant separator, %

		dimensionless



		

		Lubricant circulation rate through the UUT, %

		dimensionless



		

		Lubricant mass flow rate through the calorimeter

		kg/s

		lbm/h



		

		Lubricant mass flow rate through the auxiliary separator

		kg/s

		lbm/h



		

		Total lubricant mass flow rate

		kg/s

		lbm/h



		

		Refrigerant mass flow rate through the calorimeter

		kg/s

		lbm/h



		

		Refrigerant mass flow rate through the auxiliary separator

		kg/s

		lbm/h



		

		Total refrigerant mass flow rate

		kg/s

		lbm/h



		

		Total refrigerant/lubricant mass flow rate through the auxiliary separator

		kg/s

		lbm/h







Table 11-1 Symbols Used in Section 11



11.2 Lubricant Circulation Rate Measurement without an Auxiliary Lubricant Separator 



11.2.2 Measure the refrigerant mass flow rate through the calorimeter  using one of the calorimeter test methods in Sections 7 thorough 10 if required by the test plan in Section 5.1.



11.2.3 Apply the procedures prescribed in ANSI/ASHRAE 41.46 41.47 to determine the lubricant circulation rate through the calorimeter Cc. Refer to Section 5.6  5.7 for sample port requirements.



11.3 Lubricant Circulation Rate Measurement with an Auxiliary Lubricant Separator



11.3.1 Figure 9 11-1 is a schematic of the auxiliary lubricant separator.



[image: ]



Figure 11-1: Auxiliary Lubricant Separator Schematic



11.3.2 Measure the refrigerant mass flow rate through the calorimeter  using one of the calorimeter test methods described in Sections 7 thorough 10.  



11.3.3 Apply the procedures in ANSI/ASHRAE 41.46 41.47 to determine the lubricant circulation rate through the calorimeter Cc. Refer to Section 5.7 5.6 for sample port requirements.



       percent    	                        (11-1)



(Informative Note: Equations 11-2 through 11-12 define the procedure for deriving Equation 11-13, the equation that users will apply to calculate the lubricant circulation rate when an auxiliary separator is added to the unit under test (UUT).) 



11.3.4 Measure the total refrigerant plus lubricant mass flow rate through the auxiliary lubricant separator  using a liquid flowmeter mass flow rate method in ANSI/ASHRAE Standard 41.87 41.88 with an accuracy not greater than ±1% of the rate. 



11.3.5 Apply the procedures in ANSI/ASHRAE Standard 41.46 41.47 to determine the lubricant circulation rate through the auxiliary lubricant separator Cs. Refer to Section 5.6 5.7 for sample port requirements.

percent			 (11-2)



11.3.6 From the conservation of mass, the refrigerant plus lubricant mass flow rate through the auxiliary lubricant separator  is equal to the sum of the refrigerant mass flow rate through the auxiliary lubricant separator  and the lubricant mass flow rate through the auxiliary lubricant separator as stated in Equation 11-3.



 = 					 (11-3)



11.3.7 Equation 11-4 is an expression for the refrigerant mass flow rate through the auxiliary lubricant separator  that is obtained from Equation 11-2.



				(11-4)



11.3.8 Equation 11-5, the refrigerant mass flow rate through the auxiliary lubricant separator  is obtained by substituting Equation 11-4 into Equation 11-3



				(11-5)



11.3.9 Equation 11-6, the refrigerant mass flow rate through the auxiliary lubricant separator  is obtained by substituting Equation 11-5 into Equation 11-3.



					(11-6)



11.3.10 From the conservation of mass, the total lubricant mass flow rate  is equal to the sum of the lubricant mass flow rate through the calorimeter  and the lubricant mass flow rate through the auxiliary lubricant separator 



 = 				 (11-7)



11.3.11 An expression for the lubricant mass flow rate through the calorimeter  is obtained from Equation 11-1.

						(11-8)



11.3.12 Equation 11-9, the total lubricant mass flow rate  is obtained by substituting Equation 11‑8 and Equation 11-6 into Equation 11-7. 

			(11-9)



11.3.13 From the conservation of mass, the total refrigerant mass flow rate  is equal to the sum of the refrigerant mass flow rate through the calorimeter  and the refrigerant mass flow rate through the auxiliary lubricant separator 



 = 					 (11-10)



11.3.14 Equation 11-11 is obtained by substituting Equation 11-5 into Equation 11-10. 



				(11-11)





11.3.15 The lubricant circulation rate for the UUT is provided in Equation 11-1.



 percent		(11-12)





11.3.16 Equation 11-13 is obtained by substituting Equation 11-9 and Equation 11-11 into Equation 11-12. 





 percent		(11-13)







UNCERTAINTY REQUIREMENTS



12.1 Uncertainty Estimate. An estimate of the measurement uncertainty, performed in accordance with ASME PTC 19.18, shall accompany each refrigerant mass flow measurement. 



12.1 Post-Test Uncertainty Analysis. If required by the test plan in Section 5.1, a post-test analysis of the measurement uncertainty, performed in accordance with ASME PTC 19.11, shall accompany each refrigerant mass flow measurement. Alternatively, if specified in the test plan, the worst-case uncertainty for all test points shall be estimated and reported for each test point.



(Informative Note: This procedure is illustrated in the uncertainty examples provided in Informative Appendices B, C, and D.)



12.2 Method to Express Uncertainty. All assumptions, parameters, and calculations used in estimating uncertainty shall be clearly documented prior to expressing any uncertainty values. Uncertainty shall be expressed as:





where

		v = the variable that is a measurement or a calculated result

		m = the best estimate of the true value

		 = the uncertainty estimate for the variable

P = the confidence level, %



(Informative Note: For example: refrigerant mass flow rate = 2.538 kg/s + 0.013 kg/s (5.595 lbm/s + 0.029 lbm/s); 95% states that the measured refrigerant mass flow is believed to be 2.538 kg/s (5.595 lbm/s) with a 95% probability that the true value lies within + 0.013 kg/s (+ 0.029 lbm/s) of this value.)



TEST REPORT



If the test plan in Section 5.1 defines the test report requirements, the test report requirements in the test plan supersedes all of the requirements in Section 13.  Otherwise, Section 13 specifies the test report requirements.



13.1 Test Identification

a. Date, place and time.

b. Operator.



13.2 Unit Under Test Description

a. Model number and serial number.

b. Refrigerant number per ANSI/ASHRAE Standard 153154.

c. Source of refrigerant thermodynamic property data.

d. Lubricant identification and quantity.



13.3 Calorimeter Description and Instrument Descriptions

a. Calorimeter type.

b. Model number and serial number.

c. Operating range classification.

d. Instrument accuracy based on specifications or calibration.

e. [bookmark: _Hlk43468838]Documentational evidence of instrument calibrations.



13.4  Measurement System Description

  a. Description of instrument installation specifics.

  b. Measurement system accuracy based on specifications or calibration.

 c. Documentational evidence of calibration in accordance with Section 6.



13.5 Test Conditions

a. Test conditions in accordance with the test plan in Section 5.1

b. Ambient temperature, ºC (ºF).

c. Barometric pressure Pa, (psia) if pressures instruments are measuring gauge pressure.

13.6 Test Results 

a. Refrigerant mass flow rate, kg/s (lbm/h).  

b. Compressor input power, W (W), if required by the test plan in Section 5.1.

c. Uncertainty in refrigerant mass flow rate, kg/s (lbm/h).

d. Lubricant circulation rate through the calorimeter, percent by mass.
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(Informative Notes:

1. Reference 2 3 is only required if compressor input power measurements are required in the test plan in Section 5.1

2. Reference 6 7 is only required if lubricant concentration measurements are required.

3. Reference 7 8 is only required (a) if liquid coolant mass flow rate measurements are required by the test plan, or (b) if an auxiliary lubricant separator is used.)
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INFORMATIVE APPENDIX B

FRAMEWORK FOR UNCERTAINTY ANALYSIS FOR A PRIMARY REFRIGERANT CALORIMETER AND A SECONDARY FLUID REFRIGERANT CALORIMETER



This example uses ASME PTC 19.18 to establish a framework for estimating the systematic standard uncertainty  of the refrigerant mass flow for a primary refrigerant calorimeter that uses an electrical heat source and for a secondary fluid calorimeter that uses a liquid or vapor heat source. Where the result R is a function of independent parameters.  For this example,  and . The parameter descriptions for this example are shown in Table B-1.



Table B-1 Parameter Description for this Example



		Parameter

		Description

		Units



		

		Refrigerant mass flow rate

		kg/h (lbm/h)



		



		Measured calorimeter heat input

		kW (Btu/h)



		



		Calorimeter heat leakage

		kW (Btu/h)



		

		Pressure of refrigerant vapor at calorimeter outlet

		kPa (psia)



		



		Temperature of refrigerant vapor at calorimeter outlet

		C (F)



		



		Temperature of liquid refrigerant entering the refrigerant control device

		C (F)



		



		Enthalpy of liquid refrigerant entering the refrigerant control device

		kJ/kg (Btu/lbm)



		



		Enthalpy of enthalpy of refrigerant vapor exiting the calorimeter

		kJ/kg (Btu/lbm)







The independent parameters are found by starting with the energy equation for an evaporative‑type calorimeter:









solve for :





where:







generally:







Contribution of each parameter is defined as the systematic standard uncertainty of the parameter ( ) multiplied by the sensitivity coefficient   and squared per ASME PTC 19.18.  



Applying the uncertainty equation yields:







Contributions from the heat input and leakage are derived analytically:









 

Contributions from the enthalpy terms are dependent on the temperature and pressure and are related by the chain rule analytically and evaluated numerically.  

















Substituting back into the uncertainty equation:



 






TABLE B-2 Uncertainty Parameter Description for this Example



		Parameter

		Description

		Units



		

		Refrigerant mass flow rate

		kg/s (lbm/h)



		



		Measured calorimeter heat input

		kW (Btu/h)



		



		Calorimeter heat leakage

		kW (Btu/h)



		

		Pressure of refrigerant vapor at calorimeter outlet

		kPa (psia)



		



		Temperature of refrigerant vapor at calorimeter outlet

		ºC (ºF)



		



		Temperature of liquid refrigerant entering the refrigerant control device

		ºC (ºF)



		

		Sensitivity of the refrigerant vapor enthalpy exiting the calorimeter with respect to pressure at constant temperature 

		kJ/kg-kPa (Btu/lbm-psia)



		

		Sensitivity of the refrigerant vapor enthalpy exiting the calorimeter with respect to temperature at constant pressure 

		kJ/kg-ºC (Btu/lbm‑ºF)



		

		Sensitivity of the refrigerant liquid enthalpy entering the refrigerant control device with respect to temperature at constant pressure 

		kJ/kg-ºC (Btu/lbm‑ºF)







Comments



1. The uncertainties in the measured values , , , and  must be estimated for the instrument (or instrumentation system) used to make the measurements.  Normally, the measurement error will have two components: (1) the systematic or fixed errors which can be eliminated by calibration, and (2) the random or precision errors associated with the statistical uncertainty of the measurement.  The following guidelines can be used to estimate the uncertainties in the measurements, lacking better information:



a. The random error can be as much as 50% of the stated instrument accuracy (usually expressed as a percentage of full scale).

b. Random errors may be associated with the ability to resolve a reading from the instrument.  The random error estimate determined in a measurement shall be compared with the least scale division for reading the instrument.  A good rule-of-thumb is to resolve a reading no better than one half the least scale division.  This value can then be used to estimate the uncertainty of the instrument reading provided the instrument is accurate enough to make such a measurement.

c. The larger estimate of instrument uncertainty, as determined in items a or b, shall be used in the estimate of the error propagation for the mass flow determination.

d. Alternatively, a more rigorous approach to estimating the random errors can be performed using the statistical methods outlined in ASME PTC 19.18

2. For a primary refrigerant calorimeter that uses electrical energy as the heat source, the wattage measurement plus any heat leakage effects are used to determine .  In this case, is estimated as described in Comment 1.  However, for a secondary fluid calorimeter that uses liquid or vapor as a heat source requires a calculation of  based on measurements having uncertainties.














Here there are two independent variables,  and Td; T1, is dependent upon the relationship of  and T2. 

Calculation of the uncertainty, , using the procedure in ASME PTC 19.18 gives:

	











where:



 =	constant pressure specific heat of the fluid, kJ/kg-ºC, (Btu/lbm-ºF)

  =	temperature difference between exiting secondary fluid and entering secondary fluid, ºC (ºF)

  =	mass flow rate of the secondary fluid, kg/s (lbm/h)

=	uncertainty estimate for the mass flow measurement, kg/s, (lbm/h)

  =	uncertainty estimate for the temperature measurement, ºC (ºF)



3. is illustrated as shown on Figure A-1.



It can easily be derived by inspection from the superheated refrigerant tables.



As can be seen from Figure A-1, 





for low values of P but becomes more significant as P approaches the critical pressure.
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FIGURE B-1 Refrigerant Pressure-Enthalpy Diagram
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INFORMATIVE APPENDIX C

EXAMPLE OF UNCERTAINTY ESTIMATE FOR A SECONDARY REFRIGERANT CALORIMETER 



The refrigerant used in this example is R-134a. The refrigerant mass flow rate and uncertainty for this measurement are computed for the test data provided in Table C-1.  Systematic standard uncertainty of a result is calculated using ASME PTC 19.1 ()1.  The accuracies listed in the table were determined by calibrations using standards traceable to NIST.



Table C-1 Test Data for this Example



		Parameter

		Parameter Description

		Value

		Accuracy



		

P2

		Pressure of refrigerant vapor at calorimeter outlet

		377.4 kPa

(54.73 psia)

		± 0.2%

(± 0.2%)



		

T2

		Temperature of refrigerant vapor at calorimeter outlet

		18.4 C

(65.1 F)

		± 0.11 C

(± 0.2 F)



		

P4

		Pressure of liquid refrigerant entering the refrigerant control device

		1,442 kPa

(206.2 psia)

		± 0.2%

(± 0.2%)



		

T4

		Temperature of liquid refrigerant entering the refrigerant control device

		40.8 C

(105.5 F)

		± 0.28 C

(± 0.5 F)



		

Qh

		Heat input into calorimeter

		36 kW

(122,832 Btu/h)

		± 0.5%

(± 0.5%)



		

Qa

		Calorimeter heat leakage

		1 kW

(3,412 Btu/h)

		± 0.2%

(± 0.2%)







The refrigerant mass flow for a secondary refrigerant calorimeter is given by:







where:





and:	









The refrigerant properties were obtained from the REFPROP2 REFPROP1.  The condensing temperature corresponding to P4 is 53C (127.5F).  Consequently, the subcooling was 12.2°C (22F) which satisfies the subcooling requirement [at least 5.6°C (10F)].



Similarly, the evaporating temperature corresponding to P2 is 7.2C (45F).  Consequently, the superheating was 11.2°C (20.1F) which satisfies the superheating requirement [at least 2.8°C (5F



for: 







then:







and









Applying the uncertainty equation in ASME PTC 19.11 yields:







which leads to:



 





The enthalpy data for this example were obtained from the REFPROP2 REFPROP1:  

a. [bookmark: _Hlk100472016]The enthalpy at the evaporator calorimeter outlet  is 264.5 kJ/kg (113.78 Btu/lbm)

b. [bookmark: _Hlk100472215][bookmark: _Hlk100472152]The enthalpy of the liquid refrigerant entering the refrigerant control device  is 108.9 kJ/kg (44.87 Btu/lbm)

c. The enthalpy difference   is 155.6 kJ/kg (66.91 Btu/lbm)

For this example, assume random errors are 50% of the stated instrument accuracy.  For the uncertainties in the heat input and the heat leakage, the precision error was assumed to be 50% of the total error.





















Sensitivities for the enthalpies were determined at ± 0.6C (± 1F) of the actual temperature at constant pressure and solved numerically.



















Substituting these values into the refrigerant mass flow uncertainty equation gives:



 











which is 0.37% of the calculated refrigerant mass flow rate.  Consequently, the result is:







and the actual refrigerant mass flow rate has a 95% certainty of being between 852.61 and 858.99 kg/h (1880.0 and 1894.0 lbm/h).



Looking at the uncertainty contribution of each term in thequation by dividing each by the total: 







similarly:















It is apparent that most of the error results from the heat input measurement, , and the liquid refrigerant temperature measurement, .  If the  error was reduced to match the  error ± 0.11C (± 0.2F), the uncertainty in the refrigerant mass flow rate would be reduced from ±3.19 kg/h (±7.033 lbm/h) to ±2.344 kg/h (±5.169 lbm/h), which can also be expressed as a reduction from ±0.37% to ±0.27%.



Similarly, if the uncertainty in the heat input measurement was reduced to ±0.25% in addition to replacing the  sensor with one as precise as the  sensor, the uncertainty in the refrigerant mass flow rate would be reduced to ±1.50 kg/h (±3.306 lbm /h) or ±0.18%.
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INFORMATIVE APPENDIX D

EXAMPLE OF UNCERTAINTY ESTIMATE FOR A CONDENSER CALORIMETER

				

In this example, a condenser calorimeter is used to provide a confirming mass flow measurement for the test in the previous example (Informative Annex B) Informative Appendix B. The refrigerant used in this example is R-134a.  The refrigerant mass flow rate and uncertainty for this measurement are computed for the test data and measurement accuracies provided in Table D-1.



Table D-1 Test Data for this Example



		Parameter

		Description

		Value

		Accuracies



		

P3

		Pressure of refrigerant vapor at calorimeter inlet

		1,498 kPa

(217.3 psia)

		± 8.62 kPa

(± 1.25 psia)



		

T3

		Temperature of refrigerant vapor at calorimeter inlet

		77.1 C

(170.8 F)

		± 0.28 C

(± 0.5 F)



		

P4

		Pressure of refrigerant liquid at calorimeter outlet

		1,428 kPa

(207.1 psia)

		± 8.62 kPa

(± 1.25 psia)



		T4

		Temperature of refrigerant liquid at calorimeter outlet

		41.4 C

(106.5 F)

		± 0.28 C

(± 0.5 F)



		

Tw1

		Temperature of water entering the calorimeter

		28.7 C

(83.7 F)

		± 0.28 C

(± 0.5 F)



		

Tw2

		Temperature of water exiting the calorimeter

		31.4 C

(88.5 F)

		± 0.28 C

(± 0.5 F)



		

		Mass flow rate of water entering the calorimeter

		14,728 kg/h

(32,470 lbm/h)

		± 147 kg/h

(± 324 lbm/h)



		

Qa

		Heat leakage determined for the calorimeter

		234 W

(798 Btu/h)

		2 W

(40 Btu/h)







The accuracies listed in the table were determined by calibrations using standards traceable to NIST as described in Section 6.  However, three additional cases are shown, each resulting in improved uncertainty of mass flow measurement.



D1. BASELINE CASE.  The refrigerant mass flow for a condenser calorimeter is determined from Equation (10-2):



			(10-2)

where

	=	refrigerant mass flow rate, kg/s (lbm/h)

=	single-phase liquid mass flow rate, kg/s (lbm/h)

cp	=	constant pressure specific heat of single-phase liquid at the average temperature, (tw1 + t w2)/2, kJ/(kg‑ ºC), (Btu/(lbm- ºF))

Tw1	= 	single-phase liquid temperature entering the calorimeter, ºC (ºF)

Tw2	=	single-phase liquid temperature exiting the calorimeter, ºC (ºF)

Qa	=	calorimeter heat leakage, kW (Btu/h)

h3	=	refrigerant vapor enthalpy entering the calorimeter, kJ/kg (Btu/lbm)

h4	=	refrigerant liquid enthalpy exiting the calorimeter, kJ/kg (Btu/lbm)



The refrigerant properties were obtained from a commercial equation-solver computer program that uses NIST REFPROP2 REFPROP1 as its source.  The condensing temperature corresponding to the values p4 and t4 is 53.2C (127.7 F).  Consequently, the liquid subcooling was 11.8° 11.8C (21.2R) (21.2F) (which satisfies the subcooling requirement [at least 5.6K 5.6C (10R) (10F)].



Similarly, the condensing temperature corresponding to the values of P3 and T3 is 55.2C (131.3F).  Consequently, the inlet superheating was 21.9°K 21.9C (39.5R)  (39.5F) which satisfies the superheating requirement [at least 2.8° 2.8C (5R) (5F)].



The enthalpies for the condenser calorimeter inlet and outlet for this example were:



h3 = 303.5 kJ/kg (130.5 Btu/lbm)



h4 = 110.3 kJ/kg (47.41 Btu/lbm)



so:



(h3 – h4)  = 193.2 kJ/kg (83.05 Btu/lb)			



From Equation 10-2, the refrigerant mass flow rate is



			





or:



= 865.4 kg/h (1908 lbm/h)



With the assumption that cp is constant in our range of interest, applying the uncertainty equation from ASME PTC 19.11 19.18 yields:









The uncertainties for the enthalpy values are dependent on pressure and temperature measurements p3, t3, and t4, as follows:







	     =  -0.0171 kJ/kg-kPa

	     =  - 0.0506 Btu/(lbm-psia)





	     =  1.142 kJ/kg-C

	     =  0.273 Btu/(lbm-F)




           =  -0.0002 kJ/kg-kPa           

           =  -0.0006 Btu/(lbm-F)







	     =  1.499 kJ/kg-C

	     =  0.358 Btu/(lbm-F)



Substituting these values into the refrigerant mass flow uncertainty equation gives:



	=  {[(147) (4.183) (2.7)/(193.2)]2

	+  [(0.28) (14,728) (4.183)/(193.2)]2

	+  [(0.28) (14,728) (4.183)/(193.2)]2

	+  [(0.012) (3600)/(193.2)]2

	+ [(-8.62) (157,664) (-0.0171)/(193.2)2]2

      	+  [(-0.28) (157,664) (1.142)/(193.2)2]2

	+ [(-8.62) (157,664) (-0.0002)/(193.2)2]2

	+ [(0.28) (157,664) (1.499)/(193.2)2]2}0.5

= (73.85 + 7,972 + 7,972 + 0.050

	+ 0.388 + 1.824 + 0 + 3.143)0.5



= (16,023)0.5 = 126.6 kg/h (276.9 lbm/h)



which is 14.5% of the calculated refrigerant mass flow rate.  Consequently, the result is:



= 865.6 ± 126.6 kg/h (1,908 ± 276.9 lbm/h)



The uncertainty contribution of each term in theequation is determined by dividing each by the total amount.  The results are shown in Table C-1 below:



TABLE D-1 Uncertainty contribution of each term in theequation for the baseline case



		Variable ± Uncertainty

		Partial Derivative

		% of Uncertainty



		  14728 ± 147 kg/h (32470 ± 324 lbm/h)

		 0.05846

		0.47%



		 1499 ± 8.7 kPa (217.3 ± 1.25 psia)

		 1.161

		0.00%



		 1428 ± 8.7 kPa (207.1 ± 1.25 psia)

		 -0.01337

		0.00%



		 234 ± 12 W (798.4 ± 40 Btu/h)

		 0.01204

		0.00%



		 77.1 ± 0.3 ºC (170.8 ± 0.5 ºF)

		-6.266

		0.01%



		 41.4 ± 0.3 ºC (106.5 ± 0.5 ºF)

		 8.223

		0.02%



		 28.7 ± 0.3 ºC (83.66 ± 0.5 ºF)

		 -390.06

		49.75%



		 31.4 ± 0.3 ºC (88.52 ± 0.5 ºF)

		 

		49.75%







D2. SECOND CASE.  With the original instrumentation, most of the uncertainty (99.5%) occurs as a result of the precision of the temperature sensors for the condenser calorimeter water inlet and outlet measurements.  Changing the precision of these two devices to ±0.06C (±0.1F) will reduce the uncertainty in the refrigerant mass flow rate to 26.6 kg/h (58.65 lb/h) or 3.1% of the mass flow rate.



To reduce this further, the water mass flow rate can be decreased which increases the water's temperature rise through the calorimeter.  If the mass flow is decreased to 3,683 kg/h (8,120 lbm/h), the mass flow meter’s accuracy changes to an absolute 36.8 kg/h (81 lbm/h) because its accuracy is 1% of reading. The temperature difference increases to 10.9C (19.6F) resulting in a calculated uncertainty of 10.91 kg/h (24.1 lbm/h) or ± 1.3%.  






The resulting uncertainty contribution of each term is provided in Table D-2:



TABLE D-2 Uncertainty contribution of each term in theequation for the second case



		Variable ± Uncertainty

		Partial Derivative

		% of Uncertainty



		  3683 ± 37 kg/h (8120 ± 81 lbm/h)

		 0.2238

		62.00%



		 1499 ± 8.7 kPa (217.3 ± 1.25 psia)

		 1.162

		0.36%



		 1428 ± 8.7 kPa (207.1 ± 1.25 psia)

		 -0.01337

		0.00%



		 234 ± 12 W (798.4 ± 40 Btu/h)

		 0.01204

		0.04%



		 77.1 ± 0.3 ºC (170.8 ± 0.5 ºF)

		-6.267

		1.70%



		 41.4 ± 0.3 ºC (106.5 ± 0.5 ºF)

		 8.225

		2.92%



		 28.7 ± 0.3 ºC (83.66 ± 0.1 ºF)

		 -97.69

		16.49%



		 39.7 ± 0.05 ºC (103.1 ± 0.1 ºF)

		 

		16.48%









D3. THIRD CASE.  With revised instrumentation precision and a slightly different operating procedure, the major contributor to the total uncertainty is now the water mass flow meter.  Changing this meter to one with a precision of ±0.2% of reading [0.2% of 3,683 kg/h (8,120 lbm/h)] yields a calculated uncertainty for the refrigerant mass flow rate of ±6.94 kg/h (±15.3 lbm/h) or 0.80% with the resulting uncertainty contribution of each term provided in Table D-3:



TABLE D-3 Uncertainty contribution of each term in theequation for the third case



		Variable ± Uncertainty

		Partial Derivative

		% of Uncertainty



		  3683 ± 7.37 kg/h (8120 ± 16.24 lbm/h)

		 0.2238

		6.16%



		 1499 ± 8.7 kPa (217.3 ± 1.25 psia)

		 1.162

		0.36%



		 1428 ± 8.7 kPa (207.1 ± 1.25 psia)

		 -0.01337

		0.00%



		 234 ± 12 W (798.4 ± 40 Btu/h)

		 0.01204

		0.04%



		 77.1 ± 0.3 ºC (170.8 ± 0.5 ºF)

		-6.267

		1.70%



		 41.4 ± 0.3 ºC (106.5 ± 0.5 ºF)

		 8.225

		2.92%



		 28.7 ± 0.3 ºC (83.66 ± 0.1 ºF)

		 -97.69

		40.73%



		 39.7 ± 0.05 ºC (103.1 ± 0.1 ºF)

		 

		40.71%







[bookmark: _Hlk509915084]Now, the majority of the error is again associated with the condenser calorimeter inlet and outlet water temperature measurement devices.  Since these devices have already been replaced with ones of greater accuracy, this result can be little improved.  The combined standard uncertainty has a 70% certainty of being between 859 and 872 kg/h (1,893 and 1,923 lbm/h). If the combined standard uncertainty of (±6.94 kg/h) ±15.31 lbm/h is multiplied by a factor of 2, the measured refrigerant mass flow measurement has a 95% certainty of being between 851 kg/h and 880 kg/h (1,877 and 1,939 lbm/h) using statistical methods explained in ASME PTC 19.11, which compares favorably with the results in Appendix B.




(This appendix is not part of this standard. It is merely informative and does not contain requirements necessary for conformance to the standard. It has not been processed according to the ANSI requirements for a standard and may contain material that has not been subject to public review or a consensus process.  Unresolved objectors on informative material are not offered the right to appeal at ASHRAE or ANSI.)



INFORMATIVE APPENDIX E: SOURCES OF TEMPERATURE MEASUREMENT ERROR



Sources of temperature measurement error should be addressed with regard to the sensor type, usage, location, and mounting requirements based on the test plan requirements for test plan accuracy and uncertainty.  



Sources of measurement error include:

a. Sensor probe stem effect

b. Optimum sensor operating temperature accuracy range

c. Poor thermal conductivity of mounting method

d. Lead wire thermal conductivity

e. External radiation effects

f. Self-heating of the sensor element

g. Sensor reaction time constants

h. Sensor calibration procedure

i. Thermal gradient.

Thermal gradient effects from the temperature differential of the measured value and the surrounding ambient temperature should be addressed by insulating the temperature probe with a material supplying no less than R4.5.
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