ASME PTC 23-2003
[Revision of ANSI/ASME PTC 23-1986 (R1997)]

ATMOSPHERIG

WATENR NAAI AN
WAILND LUULING

EQUIPMENT

. PERFORMANCE TEST CODES o

An American National Standard

The American Society of
X

® Mechanical Engineers


https://asmenormdoc.com/api2/?name=ASME PTC 23 2003.pdf

® Mechanical Engineers

AAAAAAAAAAAAAAAAAAAAAAAAAA

ATMOSPHERIC
WATER GOOLING
EQUIPMENT

ASME PTC 23-2003

[REVISION OF ANSI/ASME PTG 23-1986 (R1997)]
PERFORMANCE TEST CODES


https://asmenormdoc.com/api2/?name=ASME PTC 23 2003.pdf

Date of Issuance: November 10, 2003

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

be-no-addenda-issued-to-this—edition-

ASME issues written replies to inquiries concerning interpretations of technical aspects of this
Standard. Interpretations are published on the ASME Web site under the Committee Pages at
http://www.asme.org/codes/ as they are issued.

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

This code or standard was developed under procedures accredited as meeting the criteria for American National
Standards. The Standards Committee that approved the code or standard was balanced to assure that individuals from
competent and concerned interests have had ancopportunity to participate. The proposed code or standard was made
available for public review and comment that/provides an opportunity for additional public input from industry, academia,
regulatory agencies, and the public-at-large.

ASME does not “approve,” “rate,” of\‘endorse” any item, construction, proprietary device, or activity.

ASME does not take any position~with respect to the validity of any patent rights asserted in connection with any
items mentioned in this document;.and does not undertake to insure anyone utilizing a standard against liability for
infringement of any applicable letters patent, nor assume any such liability. Users of a code or standard are expressly
advised that determination of the validity of any such patent rights, and the risk of infringement of such rights, is
entirely their own responsibility.

Participation by federal agency representative(s) or person(s) affiliated with industry is not to be interpreted as
government or industry endorsement of this code or standard.

ASME accepts.résponsibility for only those interpretations of this document issued in accordance with the established
ASME procedures and policies, which precludes the issuance of interpretations by individuals.

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

in—an-electronicretrieval sustem or otheraise.
Y Y

without the prior written permission of the publisher.

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

Copyright © 2003 by
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
All rights reserved
Printed in U.S.A.



https://asmenormdoc.com/api2/?name=ASME PTC 23 2003.pdf

CONTENTS

FOreword . ... .o A%
Committee ROSEET ... ... ... vi
Correspondence with the PTC 23 Committee ................. ...t viii
INErodUCHON . ... ix
Section 1 Object and Scope ... (e 1
1-1 Object ..o LT 1
1-2 SO e s 1
1-3 Uncertainty ... ..o 1
Section 2 Definitions and Description of Terms ............. .. .. . .. .S .ol 3
2-1 Symbols ... RN 3
2-2 DefinitioNns ... ..ottt e e 6
2-3 Units .o S 7
Section 3 Guiding Principles ......... ... ... A 8
3-1 Advanced Planning for Test ...............c al i 8
3-2 Agreements Prior to Test ............ .. ... S 8
3-3 Test OVEIVIEW ...ttt e N e e e 8
34 Preparation for Test ............oiiiim. e 9
3-5 Duration of Testing ............... .. 0N . 9
3-6 Stability of Test Conditions ........\.. ...l 10
3-7 Readings ... o i@y 10
3-8 Limitations . ... S e 10
3-9 Manufacturer’s PerformanceCurves .......... .o 11
Section 4 Instruments and Methods of Measurement ................... ... ... ... ... 13
4-1 General Requirements y>...... ... ..ot 13
4-2 Measurement of Water Flow ........... i 13
4-3 Measurement of-Water Temperature .......... ... 17
4-4 Measurement.of Air Temperature ............... ...t 18
4-5 WiInd VelocCity ... 20
4-6 Tower Pump Head ........ ... . i 21
4-7 Measurement of Fan Power ....... ... . i 21
4-8 Measurement of Sound Level ........ ... i 22
4-9 Measurement of Atmospheric Pressure ..................... .. ... 22
4-10 Measurement of WSACC Pressure and Heat Load ............................ 22
4-11 Water Analysis ......... ..o 22
442 Measurement of Drift LOSS .....c.uvutitii i 23
4-13 Data Recording ...........cooiuiiiiiiii 23
Section 5 Calculations and Results 24
5-1 General ... e 24
5-2 Water FIOW ... e 25
5-3 Water Temperatures ............... o i 26
5-4 Air Temperatures ....... ... ... i 27
5-5 Steam Condensing Temperature .............. ... . ... i, 27
5-6 Alr Velocity ... 27
5-7 Tower Pumping Head .......... ... ... 28
5-8 Fan POwWer .. ... 28
5-9 Atmospheric Pressure .......... ... i 29
5-10 Thermal Capability ................ . 29

iii



https://asmenormdoc.com/api2/?name=ASME PTC 23 2003.pdf

5-11 Plume Compliance ......... ..ottt 30

5-12 Uncertainty ......... .o 32
Section 6 Report of Results ............. ... i e 36
6-1 Composition of Report ....... ... i 36
6-2 Report Data ...... ... 36
Figures

4-2.1 Recommended Velocity Traverse Probe Positions .............................. 14
—Tabtes

3-8 Noncondensable Gas Load Limits .....................oooiiiiiies. 12
4-52 Upper Level Wind Exponent ... 21
5-3 Temperature Corrections ............ ..o 26

Nonmandatory Appendices

A Performance Monitoring .................oooiiiiiiiiiiiii il N 37
B Ultrasonic Flowmeters ............. ... L0 41
C Tracer Dilution Method for Water Flow Determination ............{s. ... .. ... 45
D Uncertainty Calculation ...l 48
E Sample Calculation for Mechanical Draft Towers ............. %0 .. ......... 58
F Sample Calculation for Natural Draft Towers .............¢c. X . ..., 64
G Sample Calculation for Plume Compliance ...............(00 . ... ..ot 73
H Sample Calculation for Closed-Circuit Evaporative Coolefs ................... 76
I Sample Calculation for Wet Surface Air-Cooled Condensers (WSACC) ........ 82
J Mlustrations of Cooling Equipment ............ 00N oo 87
K Other Methods for Air Temperature Measurement"............................ 99
L Reporting Forms ......... .. B 100
M References ...... ... N 109

iv


https://asmenormdoc.com/api2/?name=ASME PTC 23 2003.pdf

FOREWORD

In 1918, revision began on the original ten Codes that formed the 1915 edition of the ASME
Power Test Codes and it was decided to include water cooling in the list of revised Codes.

Foltowing theappeararnce of the Test Code for Atmospheric Water Cooting Equipment i tentative
form in the August 1928 issue of Mechanical Engineering, the Society presented this Codefor
discussion at a public hearing held in December 1928 during its annual meeting in New (York.
The Code was approved at the June 2, 1930 meeting of the Standing Committee, and was.adepted
by the Council as a standard practice of the Society on August 4, 1930.

A new Technical Committee for Atmospheric Water Cooling Equipment was formed in 1948
to update the Code. Agreement on the location for the wet-bulb temperature nieasurement was
the major issue. While there was general recognition that tower performance‘was governed by
the entering wet-bulb temperature, at that time there was concern about responsibility for plume
re-circulation and interference. The difficulty of obtaining adequate airtemperature coverage of
both sides of large towers was considered insurmountable. For this»réason, some believed it
would be better to relate performance to an ambient temperature measured some distance upwind
and to have performance stated and substantiated on that basis.

In 1954, a seven-person Subcommittee with representation from the American Society of
Refrigeration Engineers and the Cooling Tower Institute“(how known as Cooling Technology
Institute) was appointed to abbreviate and bring to anjearly conclusion the work of the 1948
Technical Committee. The Subcommittee’s work was eompleted and a Code based on ambient
wet-bulb temperature measurement was adopted by.the Society on January 29, 1958. The growing
number and size of towers, the evolution of the natural draft tower, and continuing disagreement
on ambient versus entering wet-bulb temperature led to the formation of a new Committee in
December 1968. Modern instrumentation.and the availability of data acquisition systems had
advanced measurement methods since,thie 1958 Code. Model test results and error analysis made
available to the Committee supported the position that tower performance should be related to
entering wet-bulb temperature in\the revised Code. This issue of the Code was approved by
ANSI and published by the Sotiety in November 1986.

Continued advances in instrumentation, experiences with the testing itself and test uncertainty,
installation of a variety,of;other types of evaporative cooling equipment, and more stringent
environmental regulations led to the convening of a new Committee in 1995. Its objective was
to extend the Code-to iniclude plume abatement compliance of wet-dry towers and the perform-
ance test procedures’for cooling towers, closed circuit evaporative coolers and wet surface air-
cooled condensers In the interim, the impact on plant economics of the cooling system’s operating
performance became better understood. Hence, Appendix A in the new Code addresses practical
techniqués“ef monitoring the performance of cooling towers.

As in_past editions of PTC 23, the most accurate test methods were established as Code.
However, the Committee was aware that for some towers, an elaborate test was not practical or
econdmically viable. Therefore, nonmandatory Appendix K provides simpler test methods. These
test methods, being less accurate, have a higher uncertainty.

To expedite the completion of this version of the Code, sections of CTI Code ATC-105 were

used with the permission of the Cooling Technology Institute (CTI). That contribution is acknowl-
edged and appreciated.

The Committee voted to approve the document on November 13, 2002. It was then approved
and adopted by the Council as a Standard practice of the Society by action of the Board on
Performance Test Codes on February 28, 2003. The Code was also approved as an American
National Standard by the ANSI Board of Standards Review on March 13, 2003.
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CORRESPONDENCE WITH THE
PTC 23 COMMITTEE

consensus of concerned interests. As such, users of this Code may interact with the Commit-
tee by requesting interpretations, proposing revisions, and attending Committee meetings.
Correspondence should be addressed to:

Secretary, PTC 23 Standards Committee
The American Society of Mechanical Engineers

Three Park Avenue
New York, NY 10016-5990

Proposing Revisions. Revisions are made periodically to the Code t0\incorporate
changes that appear necessary or desirable, as demonstrated by the experienee gained from
the application of the Code. Approved revisions will be published periodically.

The Committee welcomes proposals for revisions to this Code. ,Such proposals should
be as specific as possible, citing the paragraph number(s), the proposed wording, and a
detailed description of the reasons for the proposal, including afiy pertinent documentation.

Interpretations. Upon request, the PTC 23 Committee will render an interpretation of
any requirement of the Code. Interpretations can only be rendered in response to a written
request sent to the Secretary of the PTC 23 Standards Committee.

The request for interpretation should be clear and-unambiguous. It is further recom-
mended that the inquirer submit his/her request.in“the following format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry.

Edition: Cite the applicable edition of the Code for which the interpretation is
being requested.

Question: Phrase the question as a request for an interpretation of a specific

requirement suitable for general understanding and use, not as a request
for an approval of a proprietary design or situation. The inquirer may
also incltide any plans or drawings, which are necessary to explain
the question; however, they should not contain proprietary names or
information.

Requests that aresnot in this format will be rewritten in this format by the Committee
prior to being answeéred, which may inadvertently change the intent of the original request.

ASME proceduires provide for reconsideration of any interpretation when or if additional
information _that might affect an interpretation is available. Further, persons aggrieved by
an interpretation may appeal to the cognizant ASME Committee or Subcommittee. ASME
does_not” “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
devige, or activity.

Attending Committee Meetings. The PTC 23 Standards Committee regularly holds

"o

meetings, which are open to the public. Persons wishing to attend any meeting should
contact the Secretary of the PTC 23 Standards Committee.

viii
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INTRODUCTION

This Code describes instruments, test procedures, and
analysis of test data to be used to determine the perform-

Performance monitoring projects should review
Appendix A before reviewing the details of Code Sec-

anc¢ of aftdesigns—of Tootng towers and evaporative
cooling equipment. It defines procedures that determine
the [plume abatement compliance of wet-dry cooling
towprs. The Code outlines practical methods of monitor-
ing [the performance of cooling towers in an appendix.
It pfovides explicit test procedures that will yield results
of tle highest level of accuracy, consistent with the best
curfent engineering practices and knowledge in this
field. The Code is not intended to be used for spray-
cooling devices, cooling canals or ponds, or cooling
lakgs.

Tp aid in an overall study of the Code, the following
review sequences are suggested.

Alquick survey of the Code can be obtained by reading
the fintroductions to each section followed by the Test
Progedures.

Alt the plant design, contractual agreement, or specifi-
catipn stage, it is advisable to review in order:

@) achievable test uncertainty stated in Object and
Scope section

() test procedures or alternatively the particular spe-
cial |test from the appendix

(@ Guiding Principles section

(d) Instruments and Methods of Measuremeht section
for the recommended requirements, particularly the
watpr flow measurement

=~

LIOINS.

When this Code is to be used as a meanstqQ dé¢termine
fulfillment of contract obligations, the cénfracfing par-
ties shall agree in advance on the test proeeduref, uncer-
tainty estimates and implication’s, methods of
presentation of data, and presentation of resulls.

Considerable efforts were thade to write thig cooling
tower Code so that all the related technology yvas con-
tained within the docurent itself; howevdr, in all
instances this was notpessible. In these cases arjd unless
otherwise specified;all references to other cogles refer
primarily to ASME Performance Test Codes or|to Cool-
ing Technology Institute Standards. Any tegrms not
defined heféin are listed in the Code in Definitjons and
Values, ASME PTC 2. Descriptions of instrumpnts and
apparatus may be found in the PTC 19 series of supple-
mental codes. The general basis of the uncertainfy analy-
sisbeyond that specified in this Code may be found in
the supplement ASME PTC 19.1, Test Uncerfainty. A
careful study should be made of all the referencg¢d codes,
but in the event of discrepancies between specific direc-
tions contained herein and those codes incorpdrated by
reference, ASME PTC 23 shall govern.

ix
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ATMOSPHERIC WATER COOLING EQUIPMENT

Section 1
Object and Scope

1-1| OBJECT 1-3 UNCERTAINTY

This Code provides uniform test methods for conduct- The application of uncertainties to adjust tegt results
ing |and reporting thermal performance characteristics  or guarantees is specifically not permitted because the
of wet mechanical draft, natural draft, wet-dry cooling  test results themselves-provide the best indidation of
towprs, closed circuit evaporative (wet) coolers, and wet  actual performance. The uncertainty values ard used to
surflace air-cooled steam condensers. This Code also pro-  determine the validity of the test and have no felation-
Vid( S direCtiOnS and rules fOr ConduCting and reporting Shlp to the expected performance Of the equipment. The
plune abatement of wet—dry cooling towers and water  uncertainty-Values reflect the accuracy of the te§t instru-
congumption of any cooling tower. It provides explicit  mentatign and stability of the test conditions.
test|procedures to yield results of the highest level of Theresults of a thermal performance test, cqnducted
accyracy consistent with the best engineering knowl-  in fifl.eompliance with the procedures and instjumenta-
edgp and practice currently available. The purpose of  tigh specified in this Code, shall be considered valid if
thisf Code is to provide rules for monitoring thermal “(the calculated overall uncertainty in the thermallcapabil-
performance or for conducting acceptance tests on all$y ity is less than:

of the cooling equipment referenced above. It provides (a) natural draft cooling tower: +6.0%
rules for monitoring plume abatement and conducting
pluime-abatement acceptance tests on wet-dry ‘cooling
towgrs.

The test can be used to determine compliance with
confractual obligations and can be incorporated into
conmercial agreements. A test shall\be considered an
ASNMIE Code Test only if the test pfocedures comply with
thoge allowed in this Code and 'the post-test uncertainty
analysis results are in accord with para. 1.3.

(b) mechanical draft cooling tower: +5.5%

(c) wet—dry cooling tower: +6.0%

(d) closed circuit wet evaporative cooler: +5[5%

(e) wet surface air-cooled steam condensers{ +8%

The results of plume characteristic and mixing quality
tests of wet—dry cooling towers are greatly a function
of the stability of the operating and environmehtal con-
ditions. Because a plume characteristic test incqrporates
all of the same measurements as a thermal perfprmance
test plus other measurements, the uncertainty i the test
1-2| SCOPE result will be higher than for a mechanical drafft tower.
This Code provides Tules for determining the perform- All efforts should be made to conduct these testp in fully
anc¢ of all refereneed cooling equipment with regard to code compliant conditions. As the stability of] the test
the [thermal{eapability, deviation from design thermal  conditions deteriorates, the test uncertaipty will
capgbilityor-deviation from design cold water tempera-  increase. Because the sensitivity of the test resulf to envi-

turg. This)Code also provides procedures for assessing ~ ronmental conditions (e.g., wind speed and wind direc-
the lcofpliance to specified plume abatement require- tion) cannot be mathematically defined, the unrertainty
ments characteristic of a wet-dry cooling tower. It is  in the test result is not calculated.

not intended for tests of atmospheric wind towers, dry Because of the variety of methods and instruments
coolers, spray canals, or ponds, although sections of this used in the conduct of performance tests, the test uncer-
Code may be useful for that purpose. The determination ~ tainty (for all tests with the exception of the plume
of special data or verification of guarantees that are  characteristic and mixing quality tests) must be deter-
outside the scope of this Code, shall be made only with ~ mined by an uncertainty analysis based on ASME PTC
the written agreement of the parties to the test. The  19.1, but specifically applied to cooling equipment as
agreed methods of measurement and computation shall ~ indicated within this Code. It should be noted that the
be defined in writing and fully described in the test  collection, reduction, and evaluation of thermal data
report. is greatly facilitated through the use of a remote data
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acquisition system. The use of a data acquisition system
is preferable when compared to a manual recording
system because the increased number of test measure-
ments will reduce the random error in the measure-
ments. A post-test uncertainty analysis is required. If
the calculated test uncertainty is greater than the above

ATMOSPHERIC WATER COOLING EQUIPMENT

stated values, the test is to be considered inconclusive.

The application of uncertainties to adjust test results
or guarantees is specifically not permitted because the
test results themselves provide the best indication of
actual performance.
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Section 2
Definitions and Description of Terms

2-1 SYMBOLS
The following symbols are to be used unless otherwise defined in the text.
Units
Symbol Definition U.S. Customary Sl
A Area ft m?
BHP Brake horsepower HP kw
cl Dye injection concentration ppb ppb
Copr Specific heat of process fluid at the average temperature Btu/lbm J/kg-K
Cow Specific heat of spray water flowing over external surface of heat Btu/lbm J/kg-K
exchanger
cs Sample concentration ppb ppb
En Voltage at motor
Enp Nameplate voltage
Eop Observed voltage at test station
exp Exponent
Fs Fluorescence at standard temperature, T
Fo Measured fluorescence at temperature T, corrected for background
and instrument offset
G Total dry air flow through tower lbm/hr kg/s
HB Barometric pressure psia Pa
he Enthalpy of exhaust air Btu/lbm dry air J/kg dry dir
He Specific humidity of exhaust air Ibm water vapor/lbm dry air kg water vapor/Kg dry air
Hy Friction loss ft of water m of watgr
hrg Change in steam enthalpy Btu/lb )/ kg
hin Enthalpy of entering air Btu/lbm dry air J/kg dry &ir
Hin Specific humidity of inlet_air lbm water vapor/lbm dry air kg water vapor/Kg dry air
H, Nozzle loss ft of water m of watgr
HP, Design horsepower HP kw
HPpp Nameplaté horsepower HP kw
HP; Calculated test horsepower HP kw
Hs Static head ft of water m of watér
Hyi Veélocity head ft of water m of watgr
i, j, Indices of an element
Inp Full load nameplate current
lob Observed current
kW, Observed test power input to fan motor kw kw
L/G Liquid-to-gas ratio
Ly Design water flow rate gpm m3/s
Ly Measured water flow rate gpm m3/s
Mq Mixing quality % %
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Units

Symbol Definition U.S. Customary Sl
My Mixing quality percentage % %
Ng, Number of horizontal grid levels
Ngs Number of equally spaced vertical grid strings
Nys Minimum number of wet-bulb instruments
Patm Atmosphercpressure—during-tire-test pster Pa
Piiag Atmospheric pressure of the psychrometric diagram psia Pa
PF Power factor
Pt Measured (test) pumping head expressed in height of water ft m

column
Ps Measured static pressure expressed in height of water column ft
P%, P |Static pressure referred to the inlet centerline expressed in height ft

of water column
P, Circulating water pressure (main stream) psig Pa
P Circulating water pump discharge pressure psig Pa
Py Circulating water pump inlet pressure psig Pa
Qaqj Mass steam flow adjusted lb/h kg/s
Q4 Total design air flow through tower ft>/min m3/s
Q Total design circulating water flow through tower gal/min m3/s
Quye Dye injection flow rate ml/min ml/min
Q Expected flow rate gpm m3/s
Qmeas Mass steam flow measured lb/h kg/s
Quu Volumetric flow rate of makeup water gpm m3/s
Qprt Volumetric flow rate of process fluid measured during test gpm m3/s
Qprragj  [Volumetric flow rate of process fluid, measured and adjusted for gpm m3/s

makeup
ar Total measured air flow through tower ft>/min m3/s
R Range °F °K
RH Measured relative humidity (intét, upwind, or exhaust) % %
RH, Corrected relative humidity (inlet, upwind, or exhaust) % %
RHge Equivalent exhaust/air relative humidity % %
RH max Maximum limit\of'the exhaust air relative humidity % %
S ThermalJag time min min
T Cold"water temperature corrected for throttling °F °C
T, Cold water temperature corrected for heat added by the pump °F °C
T3 Cold water temperature corrected for makeup and blowdown °F °C
Ts Temperature of blowdown leaving basin °F °C
Tae Temperature of basin exit stream °F °C
Tepr Temperature of the cold process fluid leaving the tower °F °C
Tew Cold water temperature °F °C
Tos Dry-bulb temperature of entering air (inlet, outlet, or exhaust) °F °C
The Temperature of water flow into the basin other than circulating °F °C

water or makeup
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Units
Symbol Definition U.S. Customary SI
m Temperature of water flow from basin other than circulating water °F °C
or blowdown
Thpr Temperature of the hot process fluid entering the tower °F °C
Thw Hot water temperature °F °C
TMU T Mp ratura of tha ool nllp Wwatarant. ying tha towar oL oC
Tew Temperature of external spray water, measured at the spray water °F °C
pump discharge
Ts Standard temperature °F °C
Ty Water temperature °F °C
Tws Wet-bulb temperature of entering air (inlet, outlet, or exhaust) °F °C
% Volume of water in basin during test ft3 m3
% Pipe velocity ft/s m/s
Viaa Specific volume of dry air flowing through tower ft> mixturé/lbm dry air m> mixture/kg|dry air
Ve Local exhaust air flows (air velocity) ft/s m/s
|7 Measured air velocity at measured angle ft/s m/s
Ve Marked exhaust local air flows (air velocity) ft/s m/s
v, Vertical component of air velocity ft/s m/s
Wg Blowdown rate lbm/hr kg/s
Wpe Basin exit flow lbm/hr kg/s
Wy Water flow into basin other than circulating watercor makeup lbm/hr kg/s
Wy, Water flow out of the basin other than circulating water or blow- lbm/hr kg/s
down
w, Circulating water flow lbm/hr kg/s
Wy Makeup water flow lbm/hr kg/s
X Location of temperature sensors ft m
Z,i Height of air inlet ft m
Zs11 Height of each herizontal grid line ft m
a Measured aif yelocity angle from vertical deg deg
AY Vertical distance of the center of the inlet water line above the ft m
paint of static pressure measurement
7y Fan“efficiency % %
Nm Motor efficiency % %
p Pump efficiency % %
Pa Density of air lbm/ft? kg/m>
Pad Design exit air density lbm/ft3 kg/m?
o Design density lbm/ft3 kg/m>
PrF Density of process fluid lbm/ft3 kg/m>
or Test density lbm/ft? kg/m?>
pw Density of water lbm/ft> kg/m?
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2-2 DEFINITIONS

air: mixtures of gases and associated water vapor sur-
rounding the earth; dry air plus its associated water
vapor. The term is used synonymously with atmosphere.

air density: mass of air per unit volume.

air density, standard: air at density of 0.075 Ibm/ft> (1.201
kg/m’).

ATMOSPHERIC WATER COOLING EQUIPMENT

exhaust air: the mixture of dry air and water vapor leav-
ing the tower.

exit basin temperature: temperature of circulating water
as it leaves the coldwater-collecting basin.

fill: heat transfer devices placed in the tower for the
purpose of facilitating direct contact between circulating
water and air.

forced draft tower: type of mechanical draft tower in which

air, dry: fnixture of dry gases present in the atmosphere.

air flow, jass: mass of dry air flowing through tower for
reducing circulating water temperature.

air flow, polume: volume of air mixture flowing through
the tow¢r for reducing circulating water temperature.

ambient temperature: temperature of the atmosphere mea-
sured wiindward of the tower.

approacht difference between cold water temperature and
entering] wet-bulb temperature.

basin: an} open structure located beneath the tower fill
for collecting the circulating water.

basin cufb: the top elevation of the tower basin, usually
the datym from which tower elevations are measured.

blowout:|circulating water blown out of the tower that
is wind [induced. Also called windage.

cell: the|smallest subdivision of a tower, bounded by
exterior|wall(s) and/or partitions(s), which can function
as an inflependent unit.

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

cold watgr temperature: average temperature of water as
it leaveq the tower basin.

cooling tpwer: a semi-enclosed device(for*cooling water
by direqt contact with air.

counterflpw tower: a type of towerin which the air and
water streams flow in opposing’ directions.

crossflow] tower: a type of-tower in which the air and
water streams are in eresscurrent (perpendicular) flow.

distributfon system=a-system of conduits, orifices, weirs,
or nozzles for reCeiving the circulating water entering
the towqr and distributing it over the fill or heat transfer
plan arda where it is in contact with air.

the air-moving device is located at the air inlet.

heat load: the rate of heat removal from the circulating
water.

hot water temperature: weighted averagé temperatuge of
circulating water entering the tower.

induced draft tower: type of mechanical draft towqr in
which the air-moving device ig’located at the air exhgust.

interference: the thermal cofitamination of tower inldt air
by air from a source extraneous to the tower.

makeup: water added to the system to replace water]lost
by evaporation, drift; blowdown, and leakage.

mechanical dyaft_tower: type of cooling tower thrdugh
which the air movement is effected by mecharfical
devices¢ See forced draft tower and induced draft towgr.

naturdPdraft tower: type of cooling tower through which
thétair movement is effected by the difference in d¢nsi-
ties of the entering and exhaust air.

partition wall: vertical interior wall, which is either trans-
verse, longitudinal, or radial, that subdivides a mecHani-
cal or natural draft tower into cells.

range: difference between hot water and cold water fem-
peratures.

recirculation: that portion of the tower exhaust air thqt re-
enters the tower inlet. It can be expressed as a differgnce
between the average entering and windward side pet-
bulb temperatures.

sound level: a weighted sound pressure level obtajned
by the use of metering characteristics and the weighting
A, B, or C specified in the American National Standlard
Specification for Sound Level Meters, ANSI SI.4.

sound pressure level: the sound pressure level, in decfbels
(dB), of a sound is 20 times the logarithm to the bage 10
of the ratio of the pressure of this sound to the refergnce

drift: circulating water lost from the tower in the form
of fine droplets entrained in the exhaust air.

drift eliminator: devices(s) to minimize drift.

entering wet-bulb temperature: wet-bulb temperature of
air temperature entering the tower; includes any effect
of recirculation and/or interference.

evaporation: water evaporated from the circulating water
into the atmosphere during the cooling process. It is
independent of drift.

pressure, 00002 microbars. It is the gpnpmllv accepted
unit of sound pressure level.

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

splash out: circulating water splashed from the tower
that is not wind-induced.

thermal lag: the time interval before the temperature of
the water leaving the hot water temperature measure-
ment point is detected at the point of cold water tempera-
ture measurement.
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tower pumping head: total head of water at the centerline
of the circulating water inlet to the cooling tower,
referred to the tower basin curb as a datum. It is the
sum of the static pressure measured at the centerline of
the inlet connection to the cooling tower, the velocity
pressure at this point, and the vertical distance between
this point and the top of the basin curb.

wet-bulb temperature: the temperature indicated by a

ASME PTC 23-2003

approximates the thermodynamic wet-bulb temperature
(i.e., temperature of adiabatic saturation).

windage: wind-induced loss of circulating water.

2-3 UNITS

All the equations and calculations used in this Code
are given in U.S. Customary units. The corresponding
values in SI units are calculated by using soft conversion

properly designed wet-bulb instrument. This closely

and are given only for information.
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Section 3
Guiding Principles

3.3 T WAL
> T vy

Plans [for the proper locations of test instrument con-
nectiongy should be made so they are provided in the
originall design of the circulating water system and
equipmlent. Before proceeding to select, construct,
install, ¢alibrate, or operate instruments, relevant sec-
tions of the PTC 19 Series of Supplements on Instruments
and Apparatus, ASME MFC-3M, ASME Fluid Meters,
and Cogling Technology Institute (CTI) Bulletins STD-
146 and FSP 156 should be consulted for detailed instruc-
tions.

The effect of changes in the atmosphere and other
extranequs sources require recognition of the changes
in perfoymance that will occur. The importance of con-
ducting ftests under stable operating and weather condi-
tions cahnot be overemphasized. Unstable conditions
can be ample reason to disqualify the results of the test.

3-2 AGREEMENTS PRIOR TO TEST

The pprties to the test shall reach a definite agreement
as to thq specific objectives of the test(s), the number of
test runp, the method of operation of the equipment,
and the finstruments and apparatus to be used."Further-
more, this Code encompasses a number of test proce-
dures. The specific scope to be included in the test
progran} should be agreed to prior to thetest. The main
purposq of this Code is to provide adequate guidance
for conducting acceptance tests.(The tests shall be con-
ducted in the manner provided herein. Any exceptions
shall be[by written mutual@greement by the parties to
the test| All parties to a‘test should carefully consider
the legal and technicalramifications of including in a
contractfany proposedlanguage that modifies the provi-
sions of|this Code.

If the test involves contractual obligations, authorized
represer|tatives of the purchaser, the manufacturer, and/
or supplierishall be given adequate notice and the oppor-

This Code encompasses a variety of cooling)tqwer
equipment and also a variety of tests.

Whether the equipment is a natural draft, a mecHani-
cal draft or a wet-dry cooling tower, ah evapordtive
cooler, or a wet surface air-cooleéd-steam condehser
(WSACC), and whether or not €he purpose of the|test
is to demonstrate plume compliance or water consump-
tion, the thermal capability-must be determined af the
measured test heat load of the equipment for the parficu-
lar weather conditions 'of the test. That measured|test
thermal performande)result is then adjusted by a [pre-
scriptive modification of the as-tested parametets of
heat load, atmospheric factors, and performance tq the
design orsreférence guarantee condition. With respect
to plunie‘compliance, the level of operation of the tqwer
is specifically related to the characteristics of the pllime
produced and therefore its thermal performance rhust
be established.

In broad terms, test measurement of the tower heat
load is assessed by an accurate measurement of| the
water flow to the tower and the temperature change of
that water. The atmospheric conditions must be 1pea-
sured to determine the particular impact the wedther
has on the tower performance or the plume, i.e.{ the
tower approach temperature to the wet-bulb or the|exit
air characteristics to assess the influence of the relpted
air flow parameters on the entire cooling process. It
should be recognized that natural draft tower air flows
are particularly sensitive to the weather conditiors of
the test. All test measurements specified in this Cpde,
other than the following three exceptions, are either
associated with the above measurements to ensure ajccu-
racy or are optional. The exceptions are:

(a) The wet-dry tower requires an extensive travierse
and evaluation of one representative fan stack to d¢ter-
mine the exit air characteristics during a plume compli-

tunity to be present. To the extent possible, the owner
shall ensure that the tower is in a condition to be tested
prior to arrival of the test parties on site. The manufac-
turer and/or supplier shall be given permission and
adequate notice to inspect the tower and determine
preparations needed for the test. Note that the tower
may have to remain in service during the inspection,
depending on the purchaser/user’s needs. In no case
shall any directly involved party be barred from being
a test participant or be barred from the test site.

ance test.

(b) The evaporative cooler requires measuring and
determining the process side fluid flow rate (usually
water) and its inlet and outlet temperatures to determine
the tower heat load.

(c) The wet surface air-cooled steam condenser
(WSACC) heat load is measured and evaluated in accor-
dance with Sections 4 and 5. The WSACC test heat load
and steam flow can be established from energy balance
methods. Because of the potential uncertainty inherent
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in heat balance methods, it is recommended that the
testing be at the same time as the test of the steam
turbine and in accordance with ASME PTC 6, Steam
Turbines. The heat rejected to the WSACC would then
be computed by energy balance or calculated from con-
densate flow measured by calibrated flowmeters. The
steamside condenser pressure shall be measured by two
basket tips per cell distributed equally. In all other
respects, the WSACC test requirements shall be identical

ASME PTC 23-2003

equipment is not in satisfactory operating physical con-
dition, adjustments or changes that will place it in proper
operating condition shall be made prior to the test. No
adjustments shall be made that are not practical for long-
term commercial operation.

(i) For WSACC:s, the infiltration of noncondensables
shall be limited to the value stated in para. 3-8(m) under
stable back pressure conditions.

(1) The dry section of wet-dry cooling towers shall

to those of an evaporative cooler.

3-4| PREPARATION FOR TEST

Prior to the test, CTI Bulletin FSP-156 should be con-

sultpd and the equipment shall be examined and condi-
tionks shall be as follows:
The water distribution system shall be essentially
clegn and free of foreign material that may clog or
impede the normal water flow. The water shall be dis-
tribfited to all operating cells and/or parts of the tower
commended by the manufacturer. For multicell
rs with full cell partitions, one or more cells may
ut down, provided that the circulating water flow
to dach operating cell is within +10% of the per cell
design specification.

() Mechanical equipment, if involved, shall be in
goofl working order, with fans rotating in the correct
direction, at the correct speed, and/or pitched to draw
within +10% of the design motor power at design ther>
mal| conditions.

g Drift eliminators shall be essentially free of.foteign
material such as oil, tar, scale, algae, and other{deposits
that| may impede normal airflow.

(d) The heat transfer or fill media shall.be essentially
free| of foreign material such as oil, tar,scale, or algae
thatl may impede normal air and~water flow, or alter
heat transfer characteristics.

(9@ Water in the collecting basin shall be maintained
within the recommended rahge of operating level during
the [test to ensure proper)air flow through the fill, ie.,
elinjinate air bypasstin crossflow cooling towers.

The quality-0x characteristics of circulating water
shall be in accordance with para. 3-8(k) of this Code.
(§) Makeup and/or blowdown streams may be
stofped pxior to testing if other test condition require-
ments are)not adversely affected. If the makeup, blow-
down.lor other auxiliary stream enter the test control

-~

=

be essentially free of foreign material, bothsinside and
outside, that may impede normal air orvatel] flow or
alter heat transfer characteristics.
(k) 1f applicable, air and water contrel devicef of wet—
dry cooling towers shall be set essentially in ac¢ordance
with the manufacturer’s recommendation to aclieve the
required plume abatement dnd ‘thermal performance.
(I) For closed-circuitsevaporative coolprs and
WSACCs, any external. heat load added to tﬂ\e spray
water shall be turned’off for the duration of the test.

3-5 DURAWION OF TESTING

Crucialpatameters must be monitored prior tp testing
to ensure'stable test conditions. The stability of the test
conditions and monitored crucial parametdrs must
adhete to the requirements of para. 3-6.

3-5.1 Duration of Analyzed Test Period

After reaching steady state conditions, the|require-
ments for test duration are as follows:

3-5.1.1 Mechanical Draft Equipment. The dufation of
the test run shall not be less than 1 hr.

3-5.1.2 Natural Draft Towers. To compensat¢ in part
for the inability to measure atmospheric lapse frate and
vertical wind speed profiles, it is recommengled that
the duration of testing include a minimum of |six non-
overlapping 1-hr periods, when the operating cqnditions
are within the limitations of para. 3-8, and ext¢nd over
a minimum of a 2-day period. When the atmpspheric
lapse rate and vertical wind speed profiles are njeasured
and are within Code limitations, fewer test hours are
permitted by mutual agreement.

3-5.1.3 Thermal Lag Adjustment. In the evenf that the
thermal lag of the system exceeds 5 min, the fluration
of the test run shall be not less than the sunf of 1 hr

volume such that they impact a measured parameter,
then corrections must be made for the influence of the
stream. For these instances, the stream flow rate and
temperature must be recorded. If makeup is not mea-
sured, it can be determined by shutting down the blow-
down and calculating the evaporation loss using heat
load, water flow, and air quantity and quality.

(h) Prior establishment of cleanliness criteria is rec-
ommended for the water distribution system, drift elimi-
nators, and heat transfer media. In the event that the

plus the thermal lag time.

3-5.1.4 Wet-Dry Towers. After reaching steady state
conditions, the duration of one test run shall be the time
used to complete the fan effluent traverse or not less
than 1 hr.

3-5.2 Selection of Period for Analysis

The time period selected for evaluation shall be one
in which the rate of change of temperatures is at a mini-
mum, the scatter of the data with respect to a straight
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line curve fit is at a minimum, and both the rate of
change and scatter are within the limits stated in para.
3-6. This demonstrates that the equipment is at a steady
state operating condition.

3-6 STABILITY OF TEST CONDITIONS

Stability of test conditions is critical to the conduct of
an accurate test. For a valid test during the selected

ATMOSPHERIC WATER COOLING EQUIPMENT

to verify that the flow rate has not changed beyond
allowable limits [see para. 3-6(c)]. Other techniques
could also be used to check flow stability. One full tra-
verse (along two axes at 90 deg to each other) shall
be made either immediately preceding, following, or
during the test.

(g) For WSACC, the heat load steam flow and steam
quality shall be computed from ASME PTC 6 results for
the power cycle.

period, fhe limitations from maximum to minimum shall
be basedl on the computed average of each interval of
the follgwing data. Individual readings may fluctuate
during the test. To ensure test stability, the slope of a
linear lepst-squares-regression in the overall average of
readingg for all stations at each recording interval shall
be evalyated as follows:
(a) Hdat load shall not vary by more than 5% per hour.
(b) Rdnge (heat load for WSACC) shall not vary by
more than the greater of 5% per hour or 1°F (0.5°C).
(c) Cifculating water flow rate (process fluid flow rate
for clos¢d-circuit evaporative coolers and steam mass
flow ratp for WSACC) shall not vary by more than 2%
per hout.
(d) A
fied bel

temperatures shall not vary by more than speci-
w (a discussion of the cautions associated with
the meagurement of inlet air temperature is presented in
para. 5-1.1, including the effects of recirculation, external
heat soyrces, and inversions):
(1) wet-bulb temperature: 2°F (1°C) per hour
(2) [dry-bulb temperature (if applicable): 5°F (3°C)
per houf
To limit scatter, the maximum deviation of the Overall
average|of readings for all stations at one time,interval
may nofl exceed the overall test period average by more
than thd following:
(1) wet-bulb temperature: 3°F (115°C)
(2) |dry-bulb temperature (ifsapplicable): 7.5°F
(4.5°C)

3-7 READINGS

If datla acquisition systems are used, it is recom-
mended| that cortintious reading with averaging over
1-min intervals\be” used for (a) through (e) and for (r)
below. If manually measured, readings of each instru-
ment shillbe recorded at a regular frequency not less

(h) makeup flow rate and temperature: 2 per hoir if
flow is not shut off during the test and the\makeup
stream affects the test result. Alternately, the-“maleup
flow rate may be calculated by the difference between
the initial and final readings of a totalizing flow mnjeter
or by calculation as described in para/ 3-4.

(i) blowdown water flow rateland temperature: 4 per
hour (or totalized values perdest) if flow is not shut off
during the test, and the blowdown affects the test repult.

(j) pump discharge pressure(s) required for calctilat-
ing the pump correctionito cold water temperature rpea-
surements or for, pmping head (if required to verify
pumping head-gliarantee): one before and one {fter
testing.

(k) barometric pressure: 1 per hour.

(I) water (process fluid) sample acquisition: 1 dufring
the teSt)if requested by any party to the test.

(1) fan motor power input: 1 per test (if applidgable
or'required).

(n) exhaust air wet-bulb and dry-bulb temperatures
and velocity (wet—dry towers): 1 complete traverse per
test, per para. 4-4.5.

(0) spray water flow rate (closed-circuit evaporgtive
coolers): 1 per test.

(p) circulating water pump speed: 1 per hour (if appli-
cable).

(q) for a wet surface air-cooled condenser test
condenser steam-side pressure 12 per hour.

(r) for closed-circuit evaportive cooler heat excha
pressure drop 1 per test.

the

hger

3-8 LIMITATIONS

The following variations from design conditions s
not be exceeded:
(a) wet-bulb temperature
(1) +15°F (+8°C) thermal performance test for all

hall

than the following;:

(a) entering wet-bulb temperature: 12 per hour.

(b) dry-bulb temperature: 12 per hour.

(c) cold water temperature: 12 per hour.

(d) hot water temperature: 12 per hour.

(e) wind velocity (speed and direction): continuous
recording.

(f) circulating water flow rate (process fluid flow rate
for closed-circuit evaporative coolers): 3 single, center
point readings when measurement is made by Pitot tube

10

equipment

(2) —0.0°F to +15°F (-0.0°C to +8°C) wet-dry cool-
ing tower (plume compliance test)

(3) minimum allowable wet-bulb shall be 32°F
(0°C)

(b) dry-bulb temperature

(1) +25°F (+14°C) thermal performance test for all
equipment

(2) —0.0°F to +25°F (-0.0°C to +14°C) wet—dry cool-
ing tower (plume compliance test)
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(c) circulating water flow or process fluid flow
(closed-circuit) +10%
(d) cooling range +20%
(e) power
(1) fan motor output power +10%
(2) spray pump input power +10%
(f) barometric pressure =1 in. Hg (+3.5 kPa)
(¢) heat load +20%
(h

) wind velocitv: unless otherwise specified as a
7 T

ASME PTC 23-2003

published by the American Public Health Association.

The limits for foreign substances, like surfactants, in
the circulating water shall be by prior mutual agreement
between the parties to the test.

(I) Operating cells. the circulating water shall be dis-
tributed to all operating cells and/or part of the tower
in accordance with the operating instructions supplied
by the manufacturer/supplier.

For mult-icell towers, one or more cells may be shut

desjgn condition in the cooling tower contract, the aver-
agewind velocity shall not exceed the following values:
(1) all equipment

(a) average wind velocity: 10 mph (4.5 m/s)

(b) 1-min duration: 15 mph (7 m/s)

For natural draft towers, this shall apply at the top
of the tower shell and at the middle of the air inlet
height if no specific limits were specified in the purchase
confract. If wind conditions cannot be measured at the
towpr shell exit, for an acceptable test, visual observa-
tions of the plume shall indicate that the plume com-
pletely fills the shell outlet and rises vertically for a
minimum distance of approximately one half of the out-
let diameter.

Irjdications of wind velocity at the tower shell exit
mayf be obtained also by relating the wind velocity mea-
surdd at a given height to the tower height.

(2) wet—dry cooling tower (plume compliance):

(a) average wind velocity: 6.5 mph (3 m/s)

(b) 1-min duration: 10 mph (4.5 m/s)
br wet—dry cooling towers, the reliability of,the fan
exit|air measurements increases when the wind velocity
decfeases. The lowest possible wind speed.conditions
shall be sought for testing.

(i) Atmospheric gradient of temperature (natural
draft cooling towers only). The average vertical ambient
dryibulb temperature gradient petween the elevation of
the [center of the air inlet and twice the height of the
top pf the tower shell, assessedin 200 ft (60 m) maximum
inclements, shall decfease by at least 3.5°F/1000 ft
(0.65°C/100 m) withsheight (U.S. Standard Lapse rate)
An indicator ofthe cooling tower vertical ambient
dryibulb temperature gradient shall be the difference in
dryibulb temiperature between ground level and the top
of the air<inlet. For an acceptable test, the average dry-
bullp temperature at or near the top of the air inlet shall
be more than the average of the dry-bulb temperature

F

down, providing the circulating water flow.fate and
cooling range limitation are met on a per.cell pasis.

(m) Limitations on noncondensable gase (for WSACC)

(1) Excessive infiltration of noricondensable gases
(primarily air) degrades the WSACE performgnce and
therefore must be maintained<within the limits shown
in Table 3-8 (U.S. Customaty units). It is necgdssary to
verify that all noncondensable gas removal equipment is
functioning properly prior to the WSACC perfprmance
test. Therefore, prior tO’the test, the noncondengable gas
loading shall be measured to ensure adherence|to Table
3-8. Techniques for measuring noncondensable gas load-
ing are given{in Interim Supplement PTC 19.5 Part II,
Fluid Meters/ and PTC 19.5.

(n) Wet-Dry Cooling Tower (Plume Compliay
testiwill be performed on one cell of the entirg
tawer. If no single cell may be considered repregentative
of the entire tower, the test shall be conducted of several
cells. In that case, the final performance resulf will be
the weighted average of the individual perf¢rmance
results by the number of cells having the samp design
as the cell tested.

ce). The
cooling

3-9 MANUFACTURER’S PERFORMANCE CURVES

All performance curves shall cover the operafing con-
ditions defined in para. 3-8, or those conditions $pecified
by the contractually responsible parties. Perfprmance
curves shall be plotted on a convenient and c¢nsistent
scale readable to the nearest 0.1°F (0.05°C); rectangular
coordinates are preferred. Performance curves prepared
for wide range of water flow rates are recomm¢nded to
facilitate extrapolation for thermal performange at off-
design operating conditions.

3-9.1 Mechanical Draft Towers and Closed-Cifcuit
Evaporative Coolers

measured 5 ft (1.5 m) above grade level.

(j) Atmospheric Conditions. There should be no precipi-
tation during the test.

(k) Water Characteristics. The total dissolved solids in
the circulating water shall not exceed the greater of 5000
ppm or 1.1 times the design value.

The circulating water shall contain not more than 10
ppm of oil, tar, or fatty substances such as determined
by the procedures outlined in “Standard Methods for the
Examination of Water, Sewage, and Industrial Wastes,”

11

The manufacturer shall submit three sets of perform-
ance curves based on constant fan blade pitch angle and
constant fan speed covering circulating water (fluid)
flow rates of 90%, 100%, and 110% of design rate. Each
of the sets shall show cold water (fluid) temperature as
ordinate and wet-bulb temperature as abscissa with lines
of constant cooling range as a parameter. The cooling
ranges shall cover 80% to 120% of the design range
and shall be shown in uniform increments. The design
thermal point shall be shown on the 100% water (fluid)
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Table 3-8 Noncondensable Gas Load Limits

U.S. Customary Units S| Units
Number of Total Exhaust Noncondensable Number of Total Exhaust Noncondensable
Steam Turbine Steam Flow to Gas Load Steam Turbine Steam Flow to Gas Load
Exhausts WSACC, lb/hr Limit, scfm Exhausts WSACC, kg/sec Limit, scm/hr
1 Up to 100,000 1.0 1 Up to 15 2.0
1 100,000-250,000 2.0 1 15-30 3.0
1 250,000-500,000 2.5 1 30-60 4.0
1 500,000-1,000,000 3.0 1 60-125 6:0
1 1,000,000-2,000,000 3.75 1 125-250 8.0
1 2,000,000-3,000,000 4.5 1 250-375
2 200,000-500,000 3.5 2 25-60 6.0
2 500,000-1,000,000 4.0 2 60-125 7.0
2 1,000,000-2,000,000 6.0 2 125-250 10.0
2 2,000,000-4,000,000 7.5 2 250-500 12.0
2 4,000,000-6,000,000 8.5 2 500-750 15.0
flow rate curve. See Nonmandatory Appendix E and  constant fan speed covéring steam mass flow ratgs of
Nonmandatory Appendix H. 90%, 100%, and 110% of design rate. Each one of these
curves shall be présented as a family of curves expfess-
3-9.2 Natural Draft Towers . B . o o y o p
ing steam vapor.quality (80%, 90%, and 100%). Each set
The cgoling tower manufacturer shall submit a mini- of curves shall show absolute pressure as ordinate|and

mum of 9 sets of performance curves. Each set shall
show cald water temperature as ordinate and wet-bulb
temperdture as abscissa with lines of constant relative

humidit]
are reco
three m
water f]
within ¢
cooling
cooling
onthe a

y as parameter; i.e., 25%, 40%, 65%, and 100%
mmended. The performance curves will include
hin groups at 90%, 100%, and 110% of design
ow rate. A minimum of three sets of curves
pch water flow rate group shall be for a constant
Fange including 80%, 100%, and 120%-of design
Fange. The design thermal point shall*be shown
bpropriate curve of Nonmandatofly Appendix F.

3-9.3 Wet Surface Air-Cooled Condensers (WSACC)

The m
ance cuf

anufacturer shall submit-three sets of perform-
ves based on constantfanblade pitch angle and

wet-bulb\temperature as abscissa. See Nonmanda
Appendix L.

3-9.4 Plume Compliance

The tower manufacturer shall submit a famill
plume characteristic performance curves that relatd
pertinent performance variables. Performance cu
shall consist of 9 sets of curves. These sets shall aj
to 80%, 100%, and 120% of design range for each of §

tory

y of
the
Fves
bply
0%,

100%, and 110% of the design circulating water flow.

Each set shall consist of four or more relative humi
curves. The full set of curves are arranged to show
effects of air temperature, cooling range, and circula
water flow rate on the plume.

dity
the
ting

12
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Section 4
Instruments and Methods of Measurement

This Code presents the mandatory requirements for
instrumentation and its use.

The Instruments and Apparatus Supplements (ASME
19 Series) outline the governing requirements for all
ASNIE performance testing. Before proceeding to select,
btruct, install, calibrate, or operate instruments, rele-
vant sections of that PTC 19 Series, ASME Fluid Meters,
releyvant PTC codes cited within this Section, and the
Codling Technology Institute STD 146 should be con-
sultpd for detailed instructions.

Alchievement of the required accuracy for each param-
eterl measured is the single most important criterion in
the gelection of an appropriate method of measurement.
Thig Code shall not be construed as preventing the use
of advanced technologies or methods of measurement
not flescribed herein, provided that the accuracy require-
ts of para. 5-12 are achieved by the alternative
method. Note that plant instrumentation is acceptable
only if it can be demonstrated to meet the overall uncer-
tainty requirements. If instruments or procedures-other
thar those prescribed are used, they must be muitually
agrded upon by the authorized representatives of the
parfies to the test, prior to the test. Any departure from
the [prescribed methods shall be desctibed in the test
report.

It|is highly recommended that ‘provisions for cooling
towpr testing, particularly the“flow measurement, be
incqrporated into the design-of the facility at which the
cooling tower is located: Back-fitting an existing system
for the required measuréments can be very expensive
and| time-consuming and in some instances can be

1 flow measuring devices, temperature sensors, and
electric power meter test instrumentation shall be cali-
brafed ‘against reference standards traceable to NIST
(Nafional Institute of Standards and Technology) or rec-

: ey A spected
in accordance with accepted engineering gractice.
Instrument calibration should be prepared-in [advance
of the test. At the request and cost of the requestihg party,
a post-test calibration can be performed. Spdcifically,
temperature sensors shall be calibratéd within 3 months
prior to use; flow-measuring devices shall be calibrated
at least every 3 years if undamaged; electric mdters and
wind speed and directidd devices shall be cdlibrated
yearly. Before testing, but after the on-site wiing con-
nections are made,sthere shall be sufficient comparisons
of all like température sensors to ensure theiy relative
accuracy.

There shall'be a written procedure for the calibration
of each typée of instrument. Records shall be mgintained
showing the latest calibration of each instrunjent and
make-them available upon request. Calibrations should
eficompass the expected measurement range and com-
prise at least two points more than the ordef of any
calibration curve fits. The test report shall indlude the
individual identification and location for each instru-
ment used on the test so that calibration historfy can be
traced.

4-2 MEASUREMENT OF WATER FLOW

The rate of circulating water flow into thel cooling
tower and or individual cells is required to agsess the
performance of wet cooling towers and wet-dry towers.
To test a closed-circuit evaporative cooler, in which the
process fluid to be cooled is circulated inside the tubes/
plates of a tube bundle/heat exchanger, the Majn Circu-
lating Flow Rate shall be understood to be the flow rate
of the process fluid within the closed circuit. Th¢ process
fluid within the closed-circuit can be any chenpical ele-
ment, compound or mixture, liquid or gas, fgr which
physical properties are known, in single-phase flow. The
external spray water flow rate is considered a sgcondary

ognized physical constants. Note that where this Code
refers to NIST standards and calibrations, those of other
nations’ equivalent standards laboratories may be used
as appropriate for the locale of the testing. Test variables
of a secondary nature such as wind speed and direction
devices need not be calibrated against a reference stan-
dard, but instead can be calibrated against other cali-
brated instruments or transfer standards, or can be
checked in place with two or more instruments at the
same location measuring the same variable.
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parameter in this case.

Wet-dry towers and evaporative coolers may require
the flows defined for only one representative cell. Mea-
surements of the makeup water flow rate, blowdown
flow rate, dry tube bundle flow rate and other flows
may also be required depending on the type of test and
mode of operation.

To ensure the highest level of measurement accuracy,
it is important that consideration be given to flow mea-
surement at the design stage of any specific project and
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a suitable accurate method and location for measure- Pipe OD
ment be agreed upon by the purchaser and manufac-
turer. Tchebycheff

It is highly desirable that the flow devices be installed distribution as a
at points in the circulating water system where a fully relative radius:
developed velocity profile exists; e.g., distortions of the 0.2891

velocity traverse, helical swirls, or vortices should be 0.5592
minimized. The accuracy of any flow measurement, ' \ .

regardless of metering instrumentation, may be 0.7071 7 |
achievedl as much by measurement location as by the 0.8290 — | !
degree ¢f perfection of manufacture or the characteris- 0.9572 i

tics of "ctll:e device.

The njethods described in paras. 4-2.1 through 4-2.4
of coolirlg water flow measurement in conduits that typi-
cally serjve cooling towers can be capable of a test uncer-
tainty of +2% to +4% when properly implemented. The
velocity|traverse or differential producer methods are

also usgful to accurately measure the water flow in 10 {0 Traverse (ID = 24in.)
smaller [lines such as those that serve individual wet @

cooling fower cells, a dry section tube bundle of a wet-

dry tower, or an evaporative cooler’s spray water or the Pipe OD

closed cjrcuit cell flow. Due to the nature, variation, and
many a¢curate measurements that are required, using

the energy balance methods to determine the flow rate is Iif?tenb byjtr;g;f )
not recommended except when performed concurrently relative fditls: N\
with an] ASME PTC 6 test. The use of pump curves

or other] methods not discussed herein could result in 0-28%

inaccurdte determination of the water flow. Dye dilution 0.3954 X
has been successful in some installations, particularly 0.5000 OO W
once thfough cooling tower systems, but it has been 0.5862 IRRREY
unsuccepsful in some recirculating systems. Ultrasonic 0.6768 /

time-of-fravel meters have performed satisfactorily in
metal pjping systems, but have proven lessfeliable in
certain fiping systems with coated or nonmetallic pipes.
Velocity| traverse with Pitot tubes and differential pro-
ducers gre recommended. 09185 — T N
Meastirement of the circulating water flow rate shall 0.9788
be made in the piping leading\to the tower or in its 20-Point Traverse (ID = 24 in.)
individiial operating cells, Where undesirable condi- ®)
tions for) flow measurementexist in the hot water piping
to the tpwer, due eithef to an inaccessible location or ~ GENERAL NOTE: Each point is to be equally weighted.
one thaf is likely to contain distorted velocity profiles,
measurdments may-be made in the equipment return Fig. 4-2.1 Recommend?q Velocity Traverse Prpbe
piping ffom thétower. Because the desired test parame- Positions
ter is water¢delivered to the tower, corrections shall be
made tq the-measured flow rate if the measurement is

. i OW.
impacted by IIow streams (€.g., makeup of blowdown) ;

- PTC19. i h 1 i i f -
that are not reflected in the water flow at the flow mea- C19.5 Qescnbest e seneral considerations for accept

. able velocity traverse methods. For the purposes of PTC
surement point.

) . . L 23, the Pitot tube is recommended, and is the most com-
Considerations concerning the application of these

thods t line t d in this Secti mon type of instrument employed.
methods 10 cooling OWETS are covered 1n this Section. If a Fechheimer probe is used, it is recommended that

the directional sensing capabilities of the probe be used
to determine the local flow angle, and that this flow
Velocity traverse methods are generally most applica-  angle be incorporated into the flow determination. Due
ble to cooling towers since they may be used to measure  to the probe geometry, it can only be used for a 10-point
flow in a relatively large range of conduits and the size  traverse [see Fig. 4-2.1(a)], regardless of pipe size.

0.7361 RN SISy
0.8102
0.8660

4-2.1 Velocity Traverse Methods

14
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Traverse probes shall be inspected and calibrated by
a hydraulic laboratory to an uncertainty of <2.5%, using
standards traceable to the NIST or a primary physical
standard and inspected by the parties before the test.
Calibrations shall cover the range of probe Reynolds
numbers of the average pipe velocity expected in the
flow measurement.

Differential pressure measuring devices used for
either the Fechheimer or Pitot traverse probe impact and

ASME PTC 23-2003

(a) Pipe Internal Diameter. Internal pipe diameters are
critical to the application of the traverse method. Errors
in determination of the pipe internal diameters affect
both the positions of the traverse locations and the area
used to determine total water flow. Errors in area directly
affect the calculated result for tower performance.

(b) Measurement of Internal Pipe Diameter. Another pro-
cedure is measurement of each pipe internal diameter
using a device that can be deployed through the valve,

stat]c pressure measurements shall be calibrated before
the fest to an accuracy of at least +0.25% of the maximum
differential pressure expected. Mechanical gauges,
marjometers, and electronic differential pressure trans-
duckrs are acceptable, provided the stated accuracy
reqfiirements are met. However, an air-over-water,
invgrted type of manometer is recommended.

The velocity probe should be inspected for damage
periodically during testing. If any damage to the probe
is npted, all measurements made since the previous
inspection shall be repeated with another calibrated
probe.

Alvelocity probe may experience vibration under cer-
tain| flow conditions. If such vibration is detected, the
cauge of the vibration shall be corrected, if possible.
Ind{vidual point measurements taken under conditions
of significant probe vibration may occur and shall be
congidered in the evaluation of the uncertainty of the
megsurement. Indicators of probe vibration include a
shatp change (usually a rise) in the probe differential
whgn the probe position is changed slightly, physical
vibtlation of exposed part of the probe, or a relatively
sudflen onset of a high level of periodic pressure pul-
satipn.

The traverses shall be made immedjately preceding
the fest, during the test, or following\thé test. The Pitot
tapg should be installed such thatythe velocity profile
is well defined at the measurément point. At least 10
diafneters of straight, unobstructed piping is recom-
merjded upstream of the measuring station with at least

specific tube des1gns can vary significantly and therefore
attention should be given to being sure that equilibrium
has been reached at each measurement point. The tra-
verse locations shall be based on equal area weighting
method or the Tchebycheff weighting scheme described
in PTC 19.5. A 10-point diametrical traverse shall be
used for pipes of 24 in. ID or less; a 20-point diametrical
traverse shall be employed for larger diameter pipes.
An example of acceptable traverse points for each is
shown in Fig. 4-2.1.
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as with the Pitot tube. Such a device would be deployed
from far side to near side as nearly normal o fthe pipe
centerline as possible, and the difference’in jnsertion

pipe, and, while reading deflection on the mafometer;
retraction until the defleetion exactly reaches Zero. The
difference in insertion.is\the pipe internal dianeter. It
is important to note‘that if the pipe fitting fof the tap
location is welded o1 otherwise attached such [that it is
not flush with the'inside of the piping, an error|in inter-
nal pipe diafneter can result as the zero deflectjon point
will not beat the pipe wall. If the taps are skeed with
respect, to the true pipe diameter, a dimensidn either
greater'or smaller than the diameter is possible{Internal
diameter measurements shall be used for calcuflation of
the traverse points, in any event.

(c) Determination of Internal Pipe Diameter by| Calcula-
tion. If for some reason the internal pipe diamdter can’t
be measured directly as above, nominal valued may be
used or the internal diameter can be deternjined by
calculation. If the wall thickness of the piping is known
from pipe drawings, the circumference can be njeasured
and the internal diameter calculated by subtractfing dou-
ble the wall thickness from the external diametpr deter-
mined from the measured circumferenfe. The
uncertainty of this method is very high. In new and clean
installations the calculation method can yield aqceptable
results but adhering to the prescribed uncprtainty
requires verification of piping internal cleanlifiess and
physical dimensions at the measurement poing.

4-2.2 Dye Dilution Method

Applying the dye dilution method requires|that the
parties to the test agree upon the details of its implemen-
tation It should be noted that because of the cqnstantly
] industry
consensus that the dye dllutlon method can be accu-
rately applied to closed-circuit cooling towers. The
method is best suited for once-through cooling circuits
where background concentrations remain constant.
Refer to PTC 19.5 and Nonmandatory Appendix C of
this Code for sample dye dilution field procedure.

Key requirements are:

(a) Complete mixing of the tracer must be achieved
for an accurate flow measurement. As a general guide-
line, 100 diameters of pipe are recommended between
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the injection and sampling points. However, turbulence
producers (e.g., pumps, bends, etc.) can reduce the num-
ber of pipe diameters required for complete mixing.

(b) The background concentration of the measured
water cannot be altered by the recirculation of the
injected dye.

(c) When the background concentration begins to rise,
it is recommended that the testing be stopped.

(d) If the method must be used with a rising back-

ATMOSPHERIC WATER COOLING EQUIPMENT

regard to the length of upstream and downstream pip-
ing, construction and finish of the flow element, and
location and finish of the piezometer taps. The flow
element, together with any flow conditioning devices
immediately upstream of the element, shall be calibrated
as a unit by a hydraulic laboratory to an uncertainty of
+1% or better, using NIST traceable methods.

4-2.4 Ultrasonic Time-of-Travel

ground foncentration, a method to properly correct for
the condition must be determined and agreed upon.
(e) Cdre must be taken to account for temperature
effects ifla temperature change occurs between the injec-
tion and sample points. For Rhodamine WT dye, the
temperdture correction of various samples may be made
to a comymon temperature, using the following equation

(see Smart and Laidlaw in Appendix M):
Fg — F9_0'027(T5_ TW)
where
Fs =|the fluorescence at standard temperature, Ts,
°C
Fy =|the measured fluorescence at temperature Tyy,

°C corrected for background and instrument
offset

(f) Thie dye shall exhibit minimal tendency to adsorb
into orgpnic or inorganic surfaces.

(g) The flow should be free of any chemicals (e.g.,
chlorine) or silt concentrations that can affect the ability
to accurptely measure the concentration of dye.

(h) If [the mass or volume of the injected @dye"is not
directly measured during the test, the injection appara-
tus shall be calibrated for injection flow with water from
the system to be tested.

(i) THe fluorometer or other concentration device
shall be|calibrated before the test/with a minimum of
three calibration solutions made with the system water
that brafket the expected dye concentration.

(j) Thie chlorine injection system must be placed out
of servi¢e several hours prior to testing. Chlorine and
other chemicals may consume dye, affecting measured
results.

4-2.3 foferential Producers

Flow may be measured using the multiple-path)tjme-
of-travel, ultrasonic flow meter. An ultrasoni¢elamp-on
transducer can be used provided that it complies vith
all requirements to follow. It is emphasized that] the
time-of-travel method is very different than the Doppler
technique. The Doppler type instruments will not jpro-
vide sufficient accuracy to satisfy the requirements of
this Code.

The ultrasonic time of-fransit measurement sha
made immediately preceding the test, during the [test,
or immediately following the test. The internal pipe
diameter is critical te the application of the ultraspnic
method. Errors™in determination of the pipe intdrnal
diameters affect the area used to determine total flow
and that directly alters the calculated result for tqwer
performance. The provisions given in PTC 19.5 sha]l be
used.\das a guide in the application of this metlhod.
Becatise of the constantly improving technology ir] the
ultrasonic field, the final application must be basedl on
a combination of the requirements listed in Nonmanda-
tory Appendix C, in the equipment manufacturer’s{rec-
ommendations, in PTC 19.5, and in the guidelings in
PTC 18.

Experience in cooling tower testing has shown |that
the ultrasonic instrument and its specific applicatign to
a particular test may have a measurement inaccufacy
which exceeds that required by this Code; therefore,
careful consideration must be taken when using| the
acoustic method corresponding to the repeatability|and
accuracy of the measurement. All instruments and fsen-
sors used must be NIST traceable. The meter and trans-
ducers shall have been calibrated in similar conditfions
to that of the test in question. The similarity shall include
geometry modeled and Reynolds Number range.

In addition, if the method is proposed, the calibration
data and/or previous comparative experience off the
particular meter shall be required to be providedl as

1 be

Devices that are left in the flow path for a period of
time may not retain the ability to accurately measure the
flow. Differential producers, which are recommended by
this Code, include the orifice plate, the flow nozzle, and
the venturi meter. Because of energy loss considerations,
these devices will be most applicable to smaller cooling
tower installations, i.e., those with circulating water sys-
tem piping of less than about 3 ft (1.5 m) diameter.

The installation of the differential producer shall fol-
low the requirements of PTC 19.5, particularly with
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evidence of its measurement accuracy for the specific
test conditions prior to its acceptance and installation
for a test. That calibration information and data shall
become part of the test report.

No less than two chordal or diametric paths shall be
measured regardless of the size of the conduit. Wherever
possible, the (location of the transducers) metering sec-
tion shall be preceded by at least 20 diameters and fol-
lowed by a minimum of 10 diameters of straight pipe.
As a minimum, at least 10 diameters of straight pipe
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upstream and 5 diameters downstream shall be pro-
vided without any obstructions at either end such as an
open butterfly valve.

The time-of-travel instrumentation shall be calibrated
at the zero flow condition before and after the test to
ensure proper and accurate operation. Zero flow calibra-
tion must be conducted in a full pipe condition only.
To further verify accuracy during the calibration, the
acoustic velocity should be measured with the acoustic

ASME PTC 23-2003

uncertainty of this thermistor reading will be higher
than a comparable RTD reading.

Thermometers, if used, should be of the total immer-
sion type with etched stems.

Thermometers should have clearly readable gradua-
tion increments of 0.2°F (0.1°C). If the thermometer was
calibrated for total immersion, an emergent stem correc-
tion factor as described in PTC 19.3 should be applied.
The thermometer should be isolated from heat sources,

devjce and compared with the published values for the
spe¢d of sound in the process fluid. Any discrepancies
mugt be investigated.
Because this method may be adversely affected by the
pregence of silt and other particulate or air bubbles in
the flow, it should also be verified that the source water
is syitably clean before the metering system is installed.
Since permanent ultrasonic time-of-travel systems
mayf be relatively difficult and expensive to install on
large diameter conduits, it is recommended that provi-
sior] for their installation be made during design and
congtruction of the cooling system. At the time of instal-
latign, the true diameter of the conduit cross-sectional
areq shall be determined.

4-3| MEASUREMENT OF WATER TEMPERATURE

Water temperature measurements for cooling towers,
or grocess fluid temperature measurements for closed-
circtiit evaporative coolers, or WSACCs, shall be made
\ instruments having a maximum uncertainty of
+0.7°F (£0.1°C). Several instruments capable of achiev-
this accuracy are suitable for use in cegling tower
testp, such as resistance-temperature devices (RTDs),
istors, and liquid-in-glass thermometers. Mercury
theymometers are not recommended because of the
pot¢ntial environmental hazards ‘posed by the mercury
in cgse of breakage. The general procedures given in PTC
19.3, Temperature Measurement, should be followed for
theif use.

1 temperature meastifing devices shall be calibrated
to within +0.1°F (£0.05°C), using NIST traceable stan-
dardls following{the general procedures given in PTC
19.3. A minimum of five calibration points covering the
expgcted range of temperatures shall be taken. Before
testing,(but after the wiring connections are in-place,
sufffcient comparisons of all water temperature sensors

and be well illuminated. The thermometer~should be
inspected before and after the tests to ensure that it is
in good physical condition, with no breaks, cfacks, or
liquid separation.

4-3.2 Location of Measurement Points

4-3.2.1 Hot Water Temperature. The sensing ¢lements
shall be located so that the true weighted aversige tem-
perature of the water/process fluid entering th¢ cooling
tower can be determined from the data. Becpuse the
water delivered %o the cooling tower cell/tub¢ bundle
inlet is generally-well mixed, a minimum of two|temper-
ature-measuting devices is necessary to measurg the hot
water tefuperature. One sensor acts as insurande for the
other:INormal locations for the sensing elements are the
commmon supply conduit or riser or inlet flunje at the
point of entrance. If the water enters as two |or more
separate streams of different temperatures, the fempera-
ture and flow rate of each stream shall be measfired. Or,
if the measurement point is located downstream of the
mixing point of these streams, the sensing elements must
be located such that the temperature of the delivered
stream is well mixed. Measurements may be faken by
inserting the temperature measuring devices|directly
into the flow, measuring the temperature from g flowing
bleed stream, or from insertion in a thermowgll. Care
should be take to ensure that flow from a flowihg bleed
stream does not splash onto the exposed sten of the
thermometer or sensor as evaporative heat trarjsfer will
then reduce the apparent temperature. If a therfnometer
is used in a well, the well should be clean apd filled
with a suitable heat transfer liquid such as pthylene
glycol to sufficiently cover the bulb. Insulation should
be used around the thermowell and probe to minimize
heat exchange with the environment. Thermowgll length
should be sufficient for the measurement to rdflect the
bulk fluid temperature. It is cautioned that if a ther-

shall be made to verity their proper functioning.

4-3.1 Instruments

100-ohm platinum RTDs are recommended. Any
thermistor with nominal impedance of greater than
10,000 ohms at 32°F (0°C) is acceptable. For all resistance
devices, a 4-wire measurement arrangement is recom-
mended. For thermistors with 2-wire arrangement, the
wiring resistance measured on site prior to the test will
be subtracted from the probe resistance reading. The
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Mowell 15 Tsed, 1T MUsSt be ablie 10 rapidly Tetlect any
changing temperature that may occur during the test.
For additional guidance, refer to PTC 19.3.

4-3.2.2 Cold Water Temperature. The cold water tem-
perature must indicate the true average temperature
of the water/process fluid leaving the equipment/tube
bundles. Care must be taken to either avoid or account
for any stratification at the point of measurement. For
most installations, the most suitable location for the
overall cold water temperature measurement will be in
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a flowing bleed stream or thermowell at the discharge
of the circulating water pumps where the water is well
mixed. All the precautions in para. 4-3.2.1 above should
be followed. If the cold water temperature is measured
on the discharge side of the pump(s), the measured
temperature must be corrected for the heat effects of
pump inefficiency, pump pressure, or throttling in accor-
dance with Section 5 of this Code.

In some cases it may be necessary to measure the cold

ATMOSPHERIC WATER COOLING EQUIPMENT

covered by this Code. The measurement of inlet dry-
bulb temperature is required for natural draft, fan-
assisted, and wet-dry cooling towers. The measurement
of inlet dry-bulb temperature is also required for
mechanical draft cooling towers of forced draft design
in order to determine the fan inlet air density for fan
power correction.

4-4.1 Instruments (Wet-Bulb)

water tgmperature in an open channel, weir, or other
conduit fin which the water is discharged from the cool-
ing towpr by gravity. These tests must be conducted
with a data acquisition system utilizing an equal area
cross-se¢tional array of submersible probes. In extreme
cases where the cold water temperatures and the flows
are obvjously non-uniform, flow measurements made
through|each of the equal areas should be used to flow
weight the individual temperature stations. Reference
should lpe made to applicable sections of Part I of Fluid
Meters, [PTC 19.5, and PTC 18, Hydraulic Turbines, for
more information on the methods of open channel flow
rate measurement.

Adjustments to the measured overall cold water tem-
peraturq will depend on the locations of the measure-
ment stgtions and the type of test operation as follows:

(a) Tept run without makeup to the basin and without
blowdown. In this mode the makeup and blowdown
flows are stopped during the test. The mixed tempera-
ture in the basin or discharge conduit is the cold water
temperature. The basin water level will drop and the
dissolved solids in the circulating water will increase.
The effgcts of the decreased volume shall be cliecked
during the test and at its conclusion to confirng that none
of the Section 3 limitations of flow rate, cooling range,
or concgdntration of dissolved solids hastbeen exceeded.

(b) Test run with makeup or other heat) sources into the
basin anfl with blowdown removal _from' the basin. In this
mode the measured cold water.temperature must be
adjusted by a heat balance around the basin, taking into
account fthe temperatures and flows of the makeup and
blowdoyn and any othér-sources of heat added between
the towdr and measuring point. The temperatures of the
makeup| and blowdown streams shall be taken as near
to the tqwer as‘possible. In the absence of a reasonable
means of defermining the makeup flow, it may be calcu-
lated frogm the estimated tower evaporation plus the

The recommended instrument for measureme
wet-bulb temperatures is a mechanically aspir
instrument or psychrometer that meets the follo
requirements:

(1) The temperature-sensitive element shall be
brated to within +0.10°F (+0.05°C)A1sing NIST trac
standards following the general/procedures giv
PTC 19.3. The calibration shallbe at least beyond +
(£5.5°C) of the expected temperature extremes d
the test. Before testing, btitafter the wiring connec
are in place, sufficientcomparisons of all air temper
sensors shall be madelto verify their proper functiorfi

from the sur ortrom any other source of radiant
The innermost shield shall be essentially at the dry-
temperature.

(c).@he temperature-sensitive element shall be fov-
ered with a wick that is continuously fed from a resegjvoir
of*distilled or demineralized water.

(d) The temperature of the water used to wet| the
wick shall be at approximately the wet-bulb temperafture
being measured. This may be obtained in practic¢ by
allowing adequate ventilated wick between the water
supply and the temperature-sensitive element.

(e) The wick shall fit snugly over the temperafure-
sensitive element and extend at least one inch oveg the
active portion of the sensor. The wick shall be kept
clean and free from contaminants that would inhibt its
wetting ability or change the partial pressure of| the
water.

(f) The air velocity over the temperature-sensitive
ment shall be between 950 fpm and 1050 fpm (4.8
and 5.3 m/s).

ele-
m/s

4-4.2 Instruments (Dry-Bulb)

The dry-bulb temperature, where applicable, shafl be
measured with a mechanically aspirated instrument|that

blowdown, provided that there are no other significant
system losses. For closed-circuit evaporative coolers or
WSACCs, the adjustment for heat added or removed by
makeup and blowdown shall be applied to the process
fluid flow rate as provided in para. 5-10.2.

4-4 MEASUREMENT OF AIR TEMPERATURE

The measurement of inlet air wet-bulb temperature is
required for the testing of all types of cooling towers
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meets the requirements of wet-bulb instruments less the
wick and water supply.

(a) For the measurement of inlet dry-bulb tempera-
ture, instrument location, the number of stations, the
frequency of readings, and the reading and averaging
procedure shall be as described for wet-bulb tempera-
ture measurement.

(b) For natural draft cooling towers, the inlet dry-bulb
temperature is very important because it affects the inlet
air density, which determines the driving force that
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moves the air through the tower. The following are the
dry-bulb temperature measurement requirements for
natural draft cooling towers:

(1) For the direct measurement of natural draft
cooling tower vertical ambient dry-bulb temperature
gradient, the plan location of the instruments shall nei-
ther be downwind of nor within the influence of the
cooling tower nor any other site source of turbulence
or thermal gradients that might substantially affect the

ASME PTC 23-2003

(c) Horizontal Levels. Wet-bulb instrument stations
should be located at the intersection of vertical and
horizontal grid lines determined from the total number
of wet-bulb stations above and the vertical air inlet
height. The number of horizontal levels (Ng;) is deter-
mined from the following guideline:

dat3. Instrumentation location and techniques will be
sitetspecific and shall be based upon mutual agreement
prigr to testing.

(2) Asanindicator of the vertical dry-bulb tempera-
gradient on natural draft towers, two dry-bulb
instfuments shall be located at the same circumferential
posttion around the tower, one at 5 ft (1.5 m) above
gradle level, and the other near or above the top of the
air fnlet. The instrument placed near or above the top
of the air inlet may be located on a stairway at or above
the felevation of the top of the air inlet if the location
oth¢rwise satisfies the criteria herein. The instruments
shall not be placed downwind of the cooling tower.
An pttempt shall be made to place the instruments in
locdtions not subject to radiation or convective air heat-
ing leffects due to solar heating of the shell.

turd
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3 Inlet Air Temperature Measurement Locations

4.3.1 Location of Wet-Bulb Instrumentation

(@) Air Inlet Wet-Bulb Temperature. For the measuire-
ment of inlet wet-bulb temperature, the instruiments
shall be located no more than 5 ft (1.5 m) outside the
air intake(s). Care should be taken to ensuré-that splash-
ing |at the air inlet does not affect the instruments. A
sufficient number of measurement,stations shall be
applied to ensure that the test average is an accurate
repifesentation of the true average jinlet wet-bulb temper-
atuge. The number of instrumentation stations is deter-
mined as follows by towertype. An instrumentation
grid can then be developed for location of wet-bulb
statlons on the air inlet of the tower.

M) Minimum Ningtber of Locations for Each Tower Face.
The|following is'the minimum total number of wet-bulb
instrument gtations for each face (rounded up to the
nex{ whole\ntmber):

Mechatiieal draft cooling tower: NWB = O 65 A)0 33
Wet-dry—eooting—towe v - e

Closed circuit: NWB = 0 65 (A)33
WSACC Nus = 0.65 (A)*3

Round or polygonal mechanical or
fan-assisted natural draft cooling
tower:

Natural Draft Tower:

Nus = 0.65 (A)**
Nwg= 12, Z,; <50 ft (15 m)
Nwg = 16, Z,; 250 ft (15 m)

where
A = area of total air inlets, m?
Nwpg = minimum number of wet-bulb instruments
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Number of
Horizontal Grid
Levels, N¢; For Air Inlet Height
Ng =1 <15 ft (4 m)
Ng =2 > 15 ft (4 m) < 308 fn)
Ng. = 3 > 30 ft (8 m) £50-ft (19 m)
Ngr = 4 > 50 ft (15 )

The horizontal grid lines are to,be located hased on

the following formulae:

Number of
Horizontal Grid
Levels, Ngp. Height of Grid Levels(s), Ecr1
NgL =1 Zorr = Z4i - 05
NgL = 2 Zor1 = Zgi - 0.25
ZGLZ = Zm’ -0.75
NGL =3 ZGLl = Zm' - 0.167
Zora = Z4i - 05
ZGL3 = Z,,i . 0833
Ng, = 4 Zer = Za - 0125
Zgrp = Z4i - 0.375
ZGLS = Zai - 0.625
Zcra = Zgi - 0.875
where
Z,i = air inlet height
Zgr1- - - Zgrs = height of each horizontal grjd line

(d) Vertical Grid Strings. The number of equallly spaced
vertical grid strings (Ngg) is then determined from the
following formula:

Ngs = Nws/Ner

(e) Position of instruments in equal area sections. [f practi-
cal, the air temperature shall be measured at thle central
line of equal-area air inlet sections. In case of jwet—dry
cooling towers, the instruments shall be locafed both
in front of wet and dry section air inlets, trpated as
separate faces.

4-4.3.2 Location of Inlet Air Dry-Bulb In
tation. For the measurement of inlet dry-bulb

draft towers, the 1nstruments shall be located on the
same basis as for the wet-bulb temperature.

4-4.4 Air Upwind Wet-Bulb and Dry-Bulb Tempera-
ture for Plume Compliance for Wet-Dry Cooling
Tower

The air upwind wet-bulb and dry-bulb temperatures
are used for wet-dry cooling tower plume evaluation.
It is the same as the inlet wet and dry bulb temperature
measurements located at the immediate upwind faces
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of the tested cell of the cooling tower. Each row of a
multitower installation must be tested separately.

4-4.5 Air Exhaust Wet-Bulb and Dry-Bulb Tempera-
ture for Plume Compliance for Wet-Dry Cooling
Tower

Measurements of the exhaust air wet-bulb and dry-
bulb temperatures are required to determine the charac-
teristics of the effluent air of the cooling tower. The

ATMOSPHERIC WATER COOLING EQUIPMENT

4-5 WIND VELOCITY

Wind speed and direction shall be measured with a
meteorological type anemometer and wind vane, prefer-
ably remote reading and recording. Rotating cup ane-
mometers with separate wind direction vane or
combination self-aligning propeller and direction vane
devices are readily available and acceptable. Measure-
ments shall be made in an open and unobstructed loca-

measurgments shall be taken at the discharge plane of
the fan gtack or, if a forced draft wet—dry cooling tower,
at the d{scharge plane area. These measurements must
be perfgrmed with a remote sensing data acquisition
system.
The ppychrometers shall be designed to prevent any
water dfoplets from impinging on the sensing element.
In order to avoid wind effects, the measurement shall
be taken at the centers of equal areas of the fan stack
in a plape within 2 ft (0.5 m) from the cooling tower
exhaust|plane, if this can be done safely. (It is dangerous
to locatg the psychrometer too close to the fan rotating
plane). The measurements are to be taken at 20 equal
area points in the sample plane. The size of the instru-
ment may preclude measurement at the outermost sta-
tions.
For spnall stacks, up to 16 ft (5 m) in diameter, the
numbe of measurement points may be reduced by
mutual agreement between the parties, with a minimum
of 2 poifjts on each of the 4 radii for a total of 8 sampling
points.
If the pampling plane is located within one half of:the
fan diatheter of the fan, the sampling locations sheuld
be adjugted for the effect of the fan hub or seal disk.
For circular sample planes without fan hub effects,
the sample locations will be based on thettotal area and
located jat the centers of equal annulai sample zones
with 4 rpdii and 5 points per radius.
For cifcular sample planes with fan hub effects, the

tioT, UpwiTt of the toweT arc beyord the infiuerge of
the air inlet approach velocity. Care shall be takeh to
ensure that wind speed and direction are repfesentdtive
of conditions affecting the tower. Placement of the wind
measurement device shall be subject’' to mufual
agreement by the parties to the test, Wind diredtion
shall be recorded in compass degrees with the tqwer
orientation and reference north dlearly indicated.

4-5.1

For mechanical draft towers with an overall height of
20 ft (6 m) or less, wind velocity shall be measured 5 ft
(1.5 m) above cub elevation, at a point within 50 ft to
100 ft (15 m~te/30 m) of the tower, if practical.| For
mechanical, draft towers, where the distance between
the curb,ahd discharge elevation exceeds 20 ft (6 m)} the
wind welocity shall be measured at an elevation alhove
the ctirb elevation that is approximately one half the
difference between the curb and discharge elevatfions
and at a point at least 100 ft (30 m) from the tower, if
practical.

4-5.2

In the absence of a direct measurement of the wind
speed at the exhaust plane of a natural draft codling
tower, the wind near the ground is measured and the
upper level winds are calculated. The wind station ghall
be placed a minimum of 100 ft (30 m) from the tqwer

sample Jocation will be based gn'the net area and located V\];ith the fien%}ig fellelmer}t a mini(rjnum Ii)flll‘g ft (3 l'm(i
at the cepters of equal annylarsample zones with 4 radii ~ 2°°V€ 6@ e'h €10 ow.mg proc(ei ure shall be apglie
and 5 pgints per radius, Eor small stacks, 8 points may ~ (© stimate the upper wind speed. .
be used Upper level wind velocities may be approximategl by
For all circular planes, the sample locations can be the following equation (see Wark and Warner in Non-
calculated by: mandatory Appendix M):
_ D M -2m+1\ 5 o] (D u _ (zV
e / B o) (3] o[
\
wh;re — hub di where
Dh _ stlellck élai;nrre;teir p = coefficient as function of Pascal (atmospheric)
M = number of sampling points on a single radius ste.1b1l1ty .
m = sampling point number u = wind speed at target elevation
X,, = sample location, distance from wall u; = wind speed at known elevation

For rectangular sample planes, the sample locations
will be at the centers of a matrix of equal area sample
zones of similar length and width.
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The exponent p may determined according to Table
4-5.2.
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Table 4-5.2 Upper Level Wind Exponent

Day Night
Incoming Solar Radiation Cloud Cover
Strong, Moderate, Slight, Mostly Overcast, Mostly Clear,
Surface Wind at Class 1 Class 2 Class 3 Class 4 Class 5
10 m, m/s [Note (1)] [Note (2)] [Note (3)] [Note (4)] [Note (4)]
<2 0.111 0.111 0.111 0.198 0.333
2-3 0.111 0.111 0.127 0.196 0.335
3-5 0.111 0.127 0.127 0.143 0.198
5-6 0.143 0.143 0.143 0.143 0.143
>6 0.143 0.143 0.143 0.143 0.143

NOTES:

afternoon. Very convective atmosphere.
(2) Summer day with a few broken clouds.

(4) Can also be used for a winter day.

4-6] TOWER PUMP HEAD

Tower pump head is the sum of the tower static head,
velqcity head, and piping losses. Piping losses will vary
deppnding on the type of tower as well as the termihal
poimt (or reference point) of connection to the towet inlet.

mechanical draft towers, the terminal point (i.e.,
scope of supply) of connection is typically the-¢enterline
of the inlet piping connection. On natural draft towers,
the [terminal point of connection istypically the inlet
confiection to the tower riser at thetbase of the tower.
Sysfem head includes the following components:

@) Static head (H;). Also known as geometric head,
the jstatic head is the vertical’distance from the top of
the pasin wall (curb) todhe centerline of the inlet piping
to the tower [ft (m) efiwater].

W Nozzle Loss-(H,). Static pressure [ft (m) of water]
nec¢ssary for_cempensation of nozzle pressure losses.
Thig head ldss should be the minimum head required
to efisureproper piping and valve losses [ft (m) of water]
frorh thefferminal point of connection through the entire
tower distribution system. On natural draft towers, H

=~

~

GENERAL NOTE: Incoming solar radiation of 0.143 should be assumed for overcast conditions duringsday
or night; 0.111 is associated with unstable atmospheric conditions; and 0.333 is associated with the
most stable atmospheric conditions (see Wark and Warner, and Turner in Appendix M).

(1) Clear skies, solar altitude greater than 60 deg above the horizontal, typical\of a sunny summer

(3) Typical of a sunny fall afternoon, summer day with broken low clouds, er’summer day with clear skies
and solar altitude from only 15 deg to 35 deg above horizontal.

Tower pumping head is the average gage |pressure
[psig (Pa)] corrected for differential in elevations and
friction losses from the point of reference (or ferminal
point of connection). Refer to para. 5-7 for deterfnination
of tower pump head (ft of water) from test dalta.

4-7 MEASUREMENT OF FAN POWER

When near the design point, the airflow rate|through
the tower is generally proportional to the cubg root of
the test fan motor power. Corrected test powpr is the
shaft output power of the prime mover corrgcted for
differences between the design and test air depsity.

For electric motors with constant speed drilves, test
measurements of the input power are made,|and the
output power is computed by multiplying inpit power
by motor efficiency. The preferred instrument for
determining power is a wattmeter. For the poer mea-
surement of high voltage motors (greater than 6{0 volts),
panel readings of bus voltage and motor amperage may
be used. T

typically includes riser friction losses.

(c) Velocity head (H,). V*/2 g where V is the pipe
velocity [ft (m) of water].

If required, tower-pumping head is determined from
measurement of static pressure in the inlet piping to the
tower. Location and installation of pressure gages and/
or instrumentation should be in compliance with
requirements of Section 4.1 of PTC 19.2, Pressure Mea-
surement. The measured static pressure [ft (m)] will be
the linear average of measured gage pressures.
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When readings are taken at a load center located a
substantial distance from the motors, correction should
be made by direct measurement of voltage drop (or by
computation of line loss) between load center and motor.
A measured or computed voltage drop between the load
center and one motor may be applied to the other motors
by prorating their distances from the load center. For
prime movers other than electric motors, the method
for determining power shall be mutually agreed upon
prior to the test.
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Test fan power shall be corrected for any difference
between test and design air densities. The power correc-
tion for air density is necessary because the manufactur-
er’s performance curves are based on constant fan blade
pitch-angle (constant volume at constant fan speed). As
atmospheric air conditions and/or heat load conditions
vary from design, the mass air rate will vary, causing a
direct variation in air pressure loss and air horsepower.
(See para. 5-8 for the analytical method of fan power

ATMOSPHERIC WATER COOLING EQUIPMENT

consistent with the size and type of equipment be con-
sulted for this type of test (see Wark and Warner in
Nonmandatory Appendix M).

4-9 MEASUREMENT OF ATMOSPHERIC PRESSURE

Atmospheric pressure shall be measured with stan-
dard barometric instruments in accordance with PTC
19.2, Pressure Measurement, or calibrated equivalents.

correctign for the effect of air density.)

The afrflow rate is directly proportional to the speed
of the fain and thus directly proportional to the shaft
speed of the motor. For electric motors with pulse width
variable| frequency drives (VFDs), the airflow rate is
controll¢d through the use of the VFD. For fan motors
with VHDs, it is recommended that the VFD be put in
bypass node for the duration of the test. When the VFD
is bypagsed, the fan power measurement is identical to
that for h standard electric motor with a constant speed
shaft. When in service, both the motor efficiency and
motor shaft speed are typically reduced through the use
of a VFID.

If the VFD does not have a bypass or if the test must
be condficted with the VFD in service, the speed must
be set to|100% and one of the following approaches must
be taker) for the evaluation of the fan motor power:

(a) THe power on the line side of the VFD is measured.
The VFI) manufacturer’s guaranteed voltage drop across
the unif] is used to calculate the power input into the
motor shaft. The fan motor efficiency must be evaluated
at the rgduced power loading.

(b) Sgme speed controllers display power delivered
to the mptor. If agreeable to the test representatives, this
may be lised for the evaluation of the fanymotor power.

(c) ThHe fan motor power is measuredwith a true RMS
wattme{r on the load side of the VED and the motor

efficiendy is evaluated at the reduced power loading.
The wattmeter must have a sampling frequency that is
at least ftwice the highest frequency component in the
wave bding sampled. Switching frequencies of pulsed
width modulation drives can range from 2 kHz to 15
kHz. In|practice, a~low-pass filter must be connected
between] the méasiirement location (e.g., switch gear)
and the|metef;-The cut-off frequency of low pass filter
should forrespond to the sampling frequency of the

Adjustments shall be made to any readings-tdken
indoors in spaces exhibiting lower pressure.

4-10 MEASUREMENT OF WSACC PRESSURE AND
HEAT LOAD

4-10.1 Condensing Pressure

The steamside condenser pré€ssure shall be measyired
by two basket tips per cell'located in the two outbpard
bonnets at the entrance;to-the tube bundle with a njaxi-
mum of 10 basket tips regardless of the number of fells
in the WSACC.

The basket tips shall be in accordance with Sedtion
4.3.1 of ASME PTC 12.2. The pressure instrument ghall
have an accuracy of +0.04 in. Hg and be suitablq for
turbine ‘exhaust vacuum conditions in accordance yvith
ASMEZPTC 19.2. Measurements shall be taken af an
elevation above the basket tip so that the tubing is fon-
tinuously sloped down toward the tap. Tubing shall be
purged with air just before each reading.

4-10.2 Heat Load and Steam Flow

The WSACC test heat load and steam flow caf be
established from energy balance methods. Becaude of
the potential uncertainty inherent in heat balance meth-
ods, it is recommended that the testing be at the spme
time as the test of the steam turbine and in accordgnce
with ASME PTC 6, Steam Turbines. It will be assujned
that there is a flow meter capable of measuring| the
quantity of condensate or feedwater. Steam quality[will
be estimated from the heat balance and an extrapolation
of the turbine expansion line to the pressure of the fon-
denser on a Mollier chart. The steam flow will be Jom-
puted from the feedwater or condensate flow correfted
for extraneous drains or alternatively from above heat
rejection and end point enthalpy corresponding tq the
WSACC pressure.

digital rheter

It should be noted that use of the VFD would lower
the fan motor efficiency.

The fan motor manufacturer should provide data for
the expected fan motor efficiency at the reduced speed.

4-8 MEASUREMENT OF SOUND LEVEL

Measurement of sound levels is a subject beyond the
scope of this Code. It is recommended that a standard
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4-11 WATER ANALYSIS
4-11.1

If a sample of the circulating water is taken during
the test and if there are any questions concerning the
quality of circulating water, the sample shall be analyzed
by a reputable testing laboratory to determine the con-
stituent analysis of the water and/or conformance with
para. 3-8(k). The design water analysis should define
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the operating limits (high/low ranges) of circulating
water constituents and cycles of concentration.

The addition of chemical additives (biocides, surfac-
tants, dispersants, etc.) can potentially impact tower per-
formance and/or water distribution. Chemical injection
should be discontinued approximately 24 hr prior to
testing to avoid potentially impacting test results. In
any event, injection of biocides should be discontinued
during the tests to minimize exposure to test personnel.

ASME PTC 23-2003

Drift loss for a closed-circuit evaporative cooler shall
be expressed as a percentage of the recirculating external
spray-water flow rate.

4-13 DATA RECORDING

This paragraph is a guide for the implementation of
a data-recording method. The Code preference is for an
automatic data acquisition system (DAS)

The limits for foreign substances in the circulating
watpr shall be established by prior mutual agreement
between the purchaser and manufacturer/supplier. If
no dontractual agreements exist, the physical, chemical,
and|thermodynamic properties of the circulating water
shall be determined by the ASHRAE Handbook (see
Nonmandatory Appendix M).

The buildup of organic materials and/or inorganic
subgtances on the surface of heat transfer (fill) media or
strufcture can potentially indicate cooling water prob-
lemp that could adversely affect test results. If the pretest
inspection reveals such buildups, further analysis of
cooling water samples should be considered.

4-11.2 Analysis of Process Fluid for Closed-Circuit

Cooling Towers

The physical and thermodynamic properties of the
progess fluid or the reference source for these properties
she%‘be specified in the contract documents and agreed

upon by all parties to the test, prior to the test. A sample
of the process fluid shall be taken during the test. Should
any|questions arise concerning the compositioriof the
progess fluid, the sample shall be analyzed by-atesting
labqratory acceptable to all parties to confirm the com-
posttion of the process fluid at the time of the test and, if
nec¢ssary, the physical and thermodynamic properties.
When the process fluid is a solution of ethylene or pro-

(a) Incontrast to the manual collection of pexfprmance
test data, the DAS can enhance data collectionar}d analy-
sis by accomplishing the following;:

(1) simultaneous reading and recording of
points

(2) providing data collection’frequency exceeding
that described in para. 3

(3) providing data collection time measurements/
synchronization as deScribed in para. 3

(4) providing, data accuracy exceeding that
described in para, 1-3

(b) A portable; computer-based DAS, together with
state-of-the=art sensor technology and analog-tp-digital
convertér/ réliability, can accomplish the aboye objec-
tives. This DAS could also provide the following:

(1) portability and ease of configuration

(2) flexible network, which can analyze se
acquisition faults

(3) flags and alarms for out-of-range valups

(4) graphics for data trending and result presen-
tation

(5) mass data storage and ease of data refrieval

(6) ease of calculation development and export data
for third-party cooling tower parametric test|studies,
post-test uncertainty analysis, or thermodynamjc model
analysis

(c) The DAS can also provide certain enharfcements
as:

all data

hsor and

rsonnel

osts

pyldne glycol and water, the properties to be used in )
the fest evaluation may be determined from CTI ATC-  that manual c'lata collection cannot offer, ?UCh
105/ Supplement for Closéd-Circuit Cooling Towers (see (1) real-time data at very high sampling frequency
Nonmandatory Appendix M). (2) reduction in manual data collection p¢
(3) reduction in data recording errors
410 MEASUREMENT OF DRIFT LOSS (4) quick test condlthn/ results Val{datlom, which
reduces the need for retesting and associated

Measuremhént of a drift loss from a cooling tower is (5) measurement taking at otherwise inafcessible
a subject“beyond the scope of this Code. It is recom-  locations, e.g., cold water grids, elevated psychrpmeters,
merjded-that a cooling tower specific standard such as  or exhaust air measurements needed for plu]lne com-
CTILATC-140 be consulted oliance
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Section 5
Calculation and Results

5-1 G

This paragraph describes the numerical procedures
and test data analysis that are used to establish the
thermal| performance and water consumption of wet
mechanjcal draft, natural draft, and wet-dry cooling
towers, ind closed-circuit evaporative (wet) coolers and
wet surfpce air-cooled steam condensers. The paragraph
additiofally addresses the data analysis required to
determife the compliance of wet—dry towers to plume
abatemgnt specifications. This paragraph also includes
the postttest data uncertainty estimates that ensure the
quality ¢f all the types of tests that are defined as appro-
priate aphd in accordance with Code requirements.

5-1.1 Philosophy of Air Temperature Measurements

Major| performance and plume compliance variables
of all types of wet, evaporative water cooling equipment
are the wet- and dry-bulb temperatures at which the
cooling joccurs. Whether to use the ambient air condi-
tions (cqnsidered to be those outside of the influence of
the tested cooling tower and other towers in the vicinity)
or the iflet air conditions (the air entering the cooling
tower) Has a profound effect on the specified guarantees
and the|test results of all equipment governed\by the
Code. This Code continues to recognize the entéring air
temperdture and humidity measurements.as the criteria
al performance and plume cempliance for the

temperature gradients. These parameters can be
extracted from the test data regardless of testing condi-
tions and as opposed to only global tower thermal per-
formance or plume abatement capability. It also
automatically accounts for upwind tower interference.
Hence the test is more quantitatively reproducible.

(d) The purchaser is provided the capability of check-
ing recirculation predictions at the time of the test.

(e) The use of inlet air conditions indirectly encour-
ages progress toward improving tower designs that

to superior design during proposal evaluations.

(f) 1t also encourages purchasers to consider methods
of accounting for recirculation, interference, and vertical
temperature gradients during the plant design and spec-
ification writing phase. Weatherhistory studies, mpdel
testing of overall plant and topegraphy, computatipnal
fluid dynamic (CFD) techniques, or experience cap be
used and the results of thesé estimates incorporatedfinto
the cooling equipment thermal performance purchase
specification requirements.

The advantages' of the philosophy of using inle} air
temperature‘and humidity measurements are amplffied
in subsequeént paragraphs. Recirculation is not a hew
phenomenon in the consideration of the desigh of
mechanlical draft cooling towers; neither is interfergnce.
Thewertical temperature gradient effects on thermaljper-
formance and plume abatement capability are also well
known.

The adverse effects of severe vertical temperature|gra-
dients on the performance of natural draft toweri%ave

been widely documented. However, the vertical temjper-
ature gradient is not directly reflected by inlet air mea-
surements.

Recirculation is a broader problem. Testing mecHani-
cal draft cooling equipment with ambient temperature
measurements does not allow the purchaser to deter-
mine whether the tower purchased is performing pjrop-
erly or otherwise complying with specification
requirements as guaranteed. Even when the perfgrm-
ance test results were good, it could not be determjned
if this resulted from a lower recirculation at wind speed
that was less than design. Conversely, the manufacturer
could blame excessive recirculation for poor test regults
and cite adverse test conditions. Later, this same manu-
facturer could make a few minor modifications td the
tower, come back to test on a day of lesser wind speed
and recirculation, and show better overall performance.

It is important to distinguish between the tower’s
actual thermal performance or plume abatement capa-
bility and the effect of recirculation. For example, sup-
pose a tower were tested and found to be deficient. From
the point of view of a guarantee, both recirculation and
thermal design or plume compliance deficiencies repre-
sent inadequacy. However, the design deficiency is per-
manent. On the other hand, the recirculation effect varies
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with wind speed, occurrence, and direction. The sepa-
rate determination of tower effectiveness versus the
recirculation effects may be made by the user of the
Code.

Further, when an ambient performance test was speci-
fied in the past, it was sometimes a practice for a pur-
chaser to define the associated recirculation allowance.
With the inlet air temperature Code performance test,
the purchaser can elect to specify only the design ambi-

ASME PTC 23-2003

of the thermal parameters at the time of the measure-
ment of the exhaust plume’s compliance with the nonvis-
ibility requirements in a specification. The degree of
visibility of the plume is determined by comparing a
projection of the plume weighted average relative
humidity data at the test upwind entering air conditions
(see para. 4-4.4) to the guaranteed relative humidity at
the specified design conditions. All required intermedi-
ate and supporting computations for the evaluation of

ent femperature, and request that the manufacturer pro-
vid¢ a guaranteed performance or plume compliance
bas¢d on inlet conditions in relation to wind speed,
direction, and occurrence. The purchaser may also elect
to gstimate the recirculation allowance needed before
reqyesting proposals so that the optimum system per-
forrhance design conditions can be established. For this
altefnative, the purchaser combines weather data, in the
formh of seasonal temperature, humidity if applicable,
wind velocity, and frequency of occurrence, with the
manufacturer’s empirical data of cost and either thermal
performance or plume abatement capability if applica-
ble,|and plant cost values.With that data, the purchaser
calcpilates an optimum weighted average recirculation
allowance for the seasonal, local temperatures. If project
tim¢ for the sizing, design, and orientation of the tower
allopvs, the recirculation can also be determined by speci-
fyinig a wind or water tunnel model test or CFD analysis.
The| latter would estimate the recirculation with an
appropriate scale model of the cooling equipment
inclpding the major tower geometry, and a simulation
of the site conditions.

5-1

The reason for conducting thermal performance test
dat# calculations for cooling towets is to determine
eithpr the capability, or alternatiyely, to project the as-
tested cold water temperature(to design conditions so
thatlits deviation from any griarantees may be evaluated.
Fora closed circuit evapdrative cooler or a wet surface
air-gooled condenser, (i, hay also be expressed as the
devjation in design-Ot-a reference turbine backpressure
from a projection-of the test data to that same point.

The tower capability, expressed as a percentage, is the
ratip of the @djusted test circulating water flow rate to
the predicted test circulating water flow rate at the test
conglitions. For a wet cooling tower, the capability is the
per A
to the test conditions, compared to the quantity that was
guaranteed. For evaporative coolers or wet surface air-
cooled condensers, the capability is a like term but
instead uses the ratio of the adjusted process fluid flow
or condenser steam flow to that guaranteed for the spe-
cific test conditions.

2 Thermal Capability Evaluation

5-1.3 Plume Abatement Compliance

Wet—dry cooling towers may also require a plume
abatement compliance test. This requires measurement
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that compliance are also described in this Sectjon.

5-1.3.1 Wet-Dry Cooling Towers, Limited or Zero Visi-
ble Plume. Cooling towers are often located in [factories
with taller installations around them) It can|then be

area, the design ‘of the wet-dry cooling tower [is called
“zero visiblespltme.”

5-1.3.2.°Wet-Dry Plume Abatement Design Pgint. The
definition.of “limited or zero visible plume” has|an effect
on the design of the wet-dry cooling tower and on the
critetia described in this code to fulfill the plyme per-
formance guarantee.

The design air temperature and humidity is
as the entering air upwind from the cooling to
assuming isothermal atmosphere. (It may be different
from the ambient air temperature and humidity).

It is recommended that a “winter mode” thermal per-
formance design point be associated with thp plume
design point.

defined
ver row,

5-2 WATER FLOW
5-2.1 Average Test Water Flow

When more than one flow rate has been

tions of the system, such as at each of multi
pipes on a tower, the sum of the average flow r

5-2.2 Adjusted Test Water Flow

5-2.2.1 Mechanical Draft Towers. The water rate to
the cooling tower measured during the test period shall
be adjusted to account for any departure of the measured
(test) fan power from the design fan power. This adjusted
test water rate shall be defined as the product of the
measured test water rate and the one-third power of the
ratio of the design fan power to the corrected test fan
power.
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The corrected test fan power is the measured fan
power corrected for any line loss between the point
of measurement and the fan motor, as well as for any
variation of the test fan air density from the design fan
air density. [See para. 4-7 and Nonmandatory Appendix
E, para. E1(a)].

5-2.2.2 Wet-Dry Towers. The adjustment is the same
as for mechanical draft towers in para. 5-2.2.1, except

ATMOSPHERIC WATER COOLING EQUIPMENT

Table 5-3 Temperature Corrections

Location of Well Before Pump After Pump
Thermowell No correction Apply Eq. (2)
Flowing well Apply Eq. (1) Apply Eq. (2a)

(b) Cold Water Temperature. If the temperature is
obtained by measuring the temperature of water flowing

1 : 1
When d y dlid WET SECUOIS T1dVE SEpaldic 1dIls.

5-2.2.3 Natural Draft Towers. The measured test water
flow ratp may be used without adjustment for thermal
evaluatjon. The manufacturer’s performance curves
shall indlude the effect of changes in mass airflow rate
and thup reflect the true thermal capability.

5-2.24 Closed-Circuit Evaporative Coolers. The pro-
cess fluid flow to the evaporative cooler measured dur-
ing the fest period shall be adjusted to account for any
departufe of the measured (test) fan power from the
design fhn power. This adjusted test fluid flow shall be
defined [as the product of the measured test fluid flow
and the|ratio of the design fan power to the corrected
test fan [power taken to an exponent between 0.25 and
0.33, as gpecified by the manufacturer. Without any spec-
ified values, the 0.33 exponent shall be used.

The cprrected test fan power is the measured fan
power dorrected for any line loss between the point
of measpirement and the fan motor, as well as for any
variation of the test fan air density from the design fan
air densjty. [See para. 4-7 and Nonmandatory Appendix
H, para] H1(a).]

5-2.2)5 Wet Surface Air-Cooled Steam Condensers.
The steam flow to the WSACC measured during the
test peripd shall be adjusted to account fer.any departure
of the npeasured (test) fan power from)the design fan
power. This adjusted test steam _flow shall be defined
as the product of the measured.test steam flow and the
ratio of [the design fan power\to the corrected test fan
power tpken to an exponéntbetween 0.25 and 0.33 as
specified by the manufacturer. Without any specified
values, the exponent 0.33 shall be used.

The cprrected test fan power is the measured fan
power dorrectéd\fOor any line loss between the point
of measpiremient and the fan motor, as well as for any
variation ifthe test fan air density from the design fan

from a full flowing well, a pressure differential fron} the
main stream (at pressure Py) to the discharge well|will
exist. This throttling process will increase the templera-
ture of the sampling stream and the measured templera-
ture shall be corrected by use of Eq.(1).

Toy = Tw — EPy )

If the measurement pointyis_located at the dischprge
of the circulating pump(s),ithe temperature rise firom
the heat added by the pump work must also be cor}sid-
ered. The measured _temperature shall be corrected by
use of the following:

Thermowell@t pump discharge

T = Tw = F(Pwa = Pw)(1 = )/ ]
Flowing well at pump discharge

Ty = Tw - F [(Pwa — Pwi)/mp]

where
F = 0.002966, U.S. Customary units (2.39 X 107, SI
units)

These temperature corrections are summarized in
Table 5-3.

The test cold water temperature t, shall be
weighted average temperature of the exiting strgams
corrected for the effects of makeup, blowdown, and
other heat added or removed between the equiprhent
and the measured points computed from Eq. (3):

Whar Tur + Wae Tee + WeTs — WaiT21 = Whe Thp

Tn = Whr + Wge + Wy — Wy — Wi

(©)

Equation (3) is based on the assumption that dufring
the test, no streams other than those in the denominfator
entered or left the basin.

air densify. (See para. 47 and Nonmandatory AppendiX
I, para. I1.1.)

5-3 WATER TEMPERATURES

The measured temperatures shall be corrected for
instrument calibration.

(a) Hot Water Temperature. The test hot water tempera-
ture Ty shall be the weighted average temperature of
the entering streams.

26

5-3.1 Hot and Cold Process Fluid Temperatures for
Closed-Circuit Evaporative Coolers

Testing of closed-circuit evaporative coolers, in which
the process fluid to be cooled is circulated inside the
tubes/plates of a tube bundle/heat exchanger, the hot
water temperature shall be deemed to be the weighted
average temperature of the process fluid stream(s) enter-
ing the tube bundle/heat exchanger. The cold water tem-
perature shall be deemed to be the weighted average
temperature of the process fluid stream(s) leaving the
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tube bundle/heat exchanger. Temperature corrections
for throttling, heat added by the pump, and any other
additions or losses of heat between the measurement
points and the equipment shall be applied, as appro-
priate. The adjustment for heat added or removed by
makeup and blowdown shall be applied to the process
fluid flow rate. See para. 5-10.2.1.

5-3.2 Thermal Lag

ASME PTC 23-2003

values for each location over the duration of the period.
The average of the individual averages from each loca-
tion shall be the average entering wet-bulb temperature

for the tower for the test period.

5-4.3 Average Discharge Wet-Bulb Temperatu
(Plume Compliance — Wet-Dry Towers)

re

The average discharge wet-bulb temperature shall be
calculated from the average of the local enthalpy and

ormally the interval from the time the cooled water
readhes the collecting basin to the time it reaches the
t, npeasurement station is small, and computation of
thermal lag is not required. The time interval, deter-
mined by Eq. (4), is the theoretical minimum (plug flow)
lag fime. The actual lag time under a mixing condition
may be higher than the calculated lag time. This lag
tim¢ calculation is appropriate for deep basins or other
basins where the measured cold water response of the
towpr is abrupt. This calculation is not appropriate for
cooling towers in which the thermal response time of
the fower is drawn out over an extended period. If this
tim¢ interval, determined by Eq. (4), is greater than the
intefval for which averages are computed (usually 5
min)), the test time period shall be lengthened by a like
amqgunt. Test averages shall be based on compensating
tim¢ spans, so that the readings chosen will represent
the ftrue tower performance.

_ Vo

S W,

&)

he following readings will be averaged over the first
parf of the timed period (usually 60 min):
Tuw, Toe, Twe, W, Wi, To1, Tpps and Wy

Alnd the fan power; and the fgllpwing, over the lat-
ter part:

Whr, Wge, WE, Th, Tge, and Tp

T
avel

hermal lag time<ofiléss than the interval at which
ages are comptted (usually 5 min), may be ignored.

AIR TEMPERATURES
1 Average Entering Wet-Bulb Temperature

5-4
5-4

T g -bulb temperature for a test period
shall be calculated by first calculating the average of the
values for each location over the duration of the period.
The average of the individual averages from each loca-

tion shall be the average entering wet-bulb temperature
for the tower for the test period.

5-4.2 Average Entering Dry-Bulb Temperature (Wet-
Dry and Natural Draft Towers)

The entering dry-bulb temperature for a test period
shall be calculated by first calculating the average of the

humidity ratio weighted by the local mass) f
para. 4-4.5.

5-4.4 Average Discharge Dry-Bulb Temperatu
(Plume Compliance — Wet-Dry Towers)

The average discharge dry-bulb/temperaturg
calculated from the average of‘the local enthd
humidity ratio weighted’by"the local mass f
para. 4-4.5.

5-4.5 Upwind Wet->and Dry-Bulb Temperaturg

(Plume Compliance — Wet-Dry Towers)

The averdge individual location entering V
dry-bulbtemperatures on the upwind faces of t
shall be calculated. The average of the upwin
of each'of wet-bulb and dry-bulb temperatures

the average of the individual location averages.

5-4.6 Vertical Dry-Bulb Temperature Gradient
Lapse Rate (Natural Draft Towers)

If available, the change in dry-bulb temperat
approximately the top of the air inlet of the
approximately twice the shell height shall be cz
for each of the 200 ft (60 m) increments, and a
The sign convention shall be negative for a de
temperature with increased height.

5-5 STEAM CONDENSING TEMPERATURE

The steam condensing temperature of a we
air-cooled condenser shall be determined from
ration temperature corresponding to average of

Jow. See

shall be
Ipy and
Jow. See

0

bet- and
he tower
H values
shall be

or

lire from
ower to
Iculated
veraged.
Frease in

surface
the satu-
fthe mea-

sured condenser pressures.

5-6 AIR VELOCITY
5-6.1 Wind Velocity (Mechanical Draft Equip

for the test eriod shall be calculated.
5-6.2 Maximum 1-min Duration Wind Gust Speed.

The maximum value of wind speed shall be
determined from 1-min calculated averages.

5-6.3 Top of Shell Wind Velocity (Natural Draft
Towers)

If available, the average wind speed and direction (in
degrees) at the top of shell shall be interpolated from

27
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the vertical velocity gradients taken during the test, or
calculated according to the equation in para. 4-5.2.

5-6.4 Discharge Air Velocity (Wet/Dry Towers)

The vertical component of velocity for each traverse
location (when the flow measurement device is aligned
with the local flow stream) shall be calculated from the
following equation:

ATMOSPHERIC WATER COOLING EQUIPMENT

where
H, = static head, the vertical distance from the top
of the basin wall (curb) to the centerline of
the inlet piping to the tower
Hy, = V2/ 2
P; = Hy + Hy

5-7.1 Piping Losses

Piping losses include the following components:

Vo, =V, - cosa

where
a = Imeasured air velocity angle from vertical
Vi = measured air velocity at measured angle
V, = [vertical component of air velocity

5-7 TOQWER PUMPING HEAD

Pump head pressure measurement must be corrected
for diffdrentials in static head and piping head losses
from th¢ point of measurement to the reference point
(or term|nal point of connection, see para. 4-6). The tower
pumping head is obtained by correcting the measured
gage stdtic pressure for the following:

(a) differential in test port elevation to the centerline
of the tqwer inlet connection elevation

(b) differential in measured water flow to tower
design Water flow (friction losses, velocity head, etc.)

On mlechanical draft towers, the pressure measure-
ment is fypically converted to an equivalent pressure at
the centérline of the inlet piping connection (flange). On
natural flraft towers, pressure measurement is typically
converted at the centerline of the inlet piping(te' the
tower riser. In both cases, this is done by subtracting
the frictjon head losses in the piping from ‘the point of
measurdment to the centerline of the tower inlet, and
the diffdrential in elevation between-these two points of
referencp, from the measured pressure

Pg = Ps — (P = AY) (6)

Correfting the gage static pressure for tower design
flow is done on the assumption that gage static pressure
is propgrtional to_the-Square of the flow rate. Friction
losses atitower désign flow rate is determined as follows:

P”, = P’ (Ly/Ly) ?)

(a) Nozzle Loss (Hy). Static pressure necessary fordom-
pensation of nozzle pressure losses. This head [loss
should be the minimum head required to ensure proper
water distribution.

(b) Friction losses (Hp). Piping and-valve losses ffrom
the terminal point of connection through the entire tqwer
distribution system. On natural drafttowers, Hytypigally
includes riser friction losses.

(c) Velocity head (Hy;). ¥3/2g where V = the pipe
velocity.

If required, tower pumping head is determined from
measurement of stafio pressure in the inlet piping tq the
tower. Location-and installation of pressure gages and/
or instrumehtation should be in compliance With
requirements of para. 4.1 in PTC 19.2, Pressure Meagure-
ment. The’measured static pressure will be the lihear
average of measured gage pressures.

5:7.2 Tower Pumping Head for Closed-Circuit
Evaporative Coolers or Wet Surface Air-Cooled
Condensers

When the equipment to be tested is a closed-cifcuit
evaporative cooler or wet surface air-cooled condefser,
the tower pumping head shall be understood to bg the
head of the external spray water flow to the tower. Nea-
surement and evaluation shall be as for an open coqling
tower, as described above.

5-7.3 Heat Exchanger Pressure Drop for Closed-
Circuit Evaporative Coolers

(a) Pressure Differential Instruments. When a prespure
differential instrument is used to measure the prespure
difference between the inlet nozzle and the outlet nqzzle
of the heat exchanger, this measurement, corrected for
any losses that occur between the measurement p¢ints
and the nozzles, is the pressure drop across the heat
exchanger.

where
Ly = design water flow rate, gpm (1/s)
L, = measured water flow rate, gpm (1/s)

The measured tower pumping head at the design
water flow rate is then obtained by adding the corrected
static head (H;) plus the design velocity head (H,) and
the friction losses from Eq. (7) above. This value may
then be compared to the design tower pumping head

PH, = P{+ H; + Hy (8)
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(b) Individual Pressure Measurements. If the pressures
at the inlet and outlet nozzles of the heat exchanger are
measured separately, an adjustment must be made to
correct for any difference in elevation.

5-8 FAN POWER
5-8.1

Fan motor power may be calculated using one of the
following equations:
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(a) Electric motor power output from wattmeter mea-
surements may be computed using the following
equation:

- (e
PD

AP = —0.746)(E,)

where
pp = design density

ASME PTC 23-2003

causes a decrease in motor efficiency of approximately
0.5% per rewind. If the fan motor efficiency cannot be
measured directly, the motor efficiency of a rewound
motor shall be assumed to be the original nameplate
corrected for each rewinding loss of 0.5%. If it is
unknown whether the motor has been rewound, or if the
motor is older than two years and the motor efficiency
cannot be measured directly, the nameplate motor effi-
ciency shall be used for the calculation of fan motor

. 1 -y
— &S ULCTIGITY

(@ If both motor efficiency and power factor are sup-
plief by the motor manufacturer, power from measured
voltage and amperage may be computed from the fol-
lowjng equation:

Customary Units:

HP, =

(V3)E ) I)(PE)(7) (m)m

(746) o

SI Units:

p 333
KW = J3(E,)(I)(PFiL,) (—T)
PD

(@ If the available motor data does not include the
power factor, this term shall be calculated from name-
plate data using the following equation:

Cusfomary Units:

_ (746)(HP,,)
(3 NEp) (L) (1)
SI Units:
PP = KW S
(V3 E) i)l
(d) If the power factor and’efficiency are unknown,

power from voltage and~amperage measurements may
be cpmputed from the fellowing equation, provided that
the |motor is operating within 15% of its nameplate
ratipg:

Customary Jits:

(P En)) (pr) ™

brake horsepower. The fan motor manufagtufer must
provide the motor efficiency if a VFD is in setyide during
the thermal performance test. See paracy4.7.

5-9 ATMOSPHERIC PRESSURE

The average atmospheric pressure shall be cglculated
for the test period.

5-10 THERMAL CAPABILITY
5-10.1 Test Results

The manuifdcturer’s performance curves shall be used
to evaluate.cooling tower performance. Exanfples are
providedtin the appendices.

5-10:2 Adjusted Flow

5-10.2.1 Makeup Correction Flow Rate for Clpsed-Cir-
cuit Cooling Towers and WSACC. If the makeyp water
supply to the external spray water system cgnnot be
isolated during the test, the measured flow ratq shall be
adjusted as indicated below. This will accounf for the
heat added or removed as a result of the djfference
between the temperature of the makeup water jentering
the unit and the temperature of the spray watei| flowing
in the external circuit.

(a) Closed-Circuit Cooling Towers

Oprtadi = Qprr = [(Trw = Taa)(ow)(com)]
“ [(Tepr = Terr)(pr)(cppr)]

- (Quu)

c,w = specific heat of spray water flowling over
external surface of heat exchanger

cppr = specific heat of process fluid at the aver-
age temperature

pw = density of the spray water flowjing over
external surface of heat exchanger

HP, = (Er per = density of the process fluid
Qumu = volumetric flow rate of makeup water
SI Units: Qprr = volumetric flow rate of process fluid
measured during test
KW = M (ﬁ)'m Qprt adj = volumetric flow rate of process fluid,
(Ewp)Lp)  \pp measured and adjusted for makeup

5-8.2 Fan Motor Efficiency

For towers with less than two years in service, name-
plate NEMA motor efficiency shall be used for the calcu-
lation of brake horsepower. Rewinding a motor typically

Trw = temperature of external spray water,
measured at the spray water pump dis-
charge

Tcpr = temperature of the cold process fluid
leaving the tower
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Typr = temperature of the hot process fluid
entering the tower
Tyu = temperature of the makeup water enter-

ing the tower
(b) Wet Surface Air-Cooled Condenser

Qadj = Qmeas — [(Trw — Tmu) - Dw - pr/hfg] - Qmu

Qagi=
Qmead = mass steam flow measured
Try = temperature of external spray water, mea-
sured at the spray water pump discharge
Tyl = temperature of makeup water
hg = change in steam enthalpy
Owm} = makeup flow

5-10.2.2 Fan Power Correction. (Not applicable to nat-
ural draft cooling towers). The adjusted test process flow
rate shall be defined as the product of the measured test
process [fluid flow rate multiplied by the ratio of the
design fhn power to the corrected test fan power taken
to an exponent. The value of the exponent must be sup-
plied by the tower manufacturer prior to the test, and
shall be(limited in magnitude to 0.25 < exp < 0.33. The
default palue is 0.33, if not otherwise specified by the
manufagturer.

Qadj = Qmeas - (Dpd/HPt)eXp

exp| = exponent
HP;| = design fan power
HP;| = test fan power
Qagj| = adjusted process flow rate
Omeas| = measured process flow rate
5-10.3 [fower Capability Evaluation

5-10.3.1 Mechanical Draft, Natural Draft, Wet-Dry, and
Closed-(ircuit. The performance curves described in
para. 3-9(a) shall be initially cross-plotted at the test wet-
bulb temperature. The crossplots shall show cold water
temperdtures as ordinates ‘and cooling ranges as abscis-
sas with| lines of constanit water rate as parameters. This
curve will yield the(predicted cold water temperature
st cooling'range and wet-bulb temperature for

additional cross plot from curves with dry-
S ——— — : :
variable is required.

A last cross plot showing cold water temperatures
as ordinates and water rates as abscissas shall then be
plotted from the points derived from the first cross plot.
The predicted water rate at the measured test cold water
temperature is then read from the latter curve. The ther-
mal capability of the cooling tower is calculated from:

Ve UL UITY as d ddd OIld

Adjusted test water rate
Predicted test water rate

Tower capability (%) =

ATMOSPHERIC WATER COOLING EQUIPMENT

Nonmandatory Appendix E, para. E-2 shows the pre-
dicted test cold water temperature at the test heat load
and wet-bulb temperature, compared to the cold water
temperature measured during the test. Nonmandatory
Appendix E, para. E3 shows how to predict the design
cold water temperature at design heat load, design fan
motor power and design wet-bulb temperature based
on the measured test tower capability.

ser.

The performance curves described in para. 3;9.3ghall
be initially cross plotted at the test wet-bulb_tempera-
ture. The cross plots shall show steam absolute pressure
as ordinates and steam vapor quality as abscissas vith
lines of constant steam rate as param@éters. These cufves
will yield the predicted steam absolute pressure af the
test steam quality and wet-bulb{temperature for ¢ach
of the various steam rates.
A last cross plot showingisteam absolute pressufe as
ordinate and steam rateas-abscissa shall then be plqtted
from the points derived from the first cross plot.|The
predicted steam rate'at the measured test steam absdlute

pressure is thefi read from the latter curve. The thefmal
capability ofithe WSACC is calculated from:
.. o _ Adjusted test steam rate
WSACC capability (%) = Predicted test steam rate 0

5-11 PLUME COMPLIANCE

5-11.1 Evaluation Using the Exhaust Air
Characteristics Curves

The plume performance is evaluated in terms of tqwer
plume indicator by the ratio of the equivalent guaran-
teed relative humidity (calculated from the guaranfeed
exhaust air wet-bulb and dry-bulb temperatures fead
on the manufacturer’s plume performance curveq for
the test conditions) and the measured relative humidity
of the exit air.

5-11.2 Correction of the Relative Humidities by t
Atmospheric Pressure

ne

As the barometric pressure at the day of the tept is
not necessarily the same as the barometric pressurg on
a psychrometric chart, a correction has to be calculpted
to refer to the chart barometric pressure. This corredqtion

he—irtet—tpwin ree air

relative humidities.

Pdiag
RHe = RH 5%

atm

where
Pam = atmospheric pressure during the test
diag = atmospheric pressure of the psychrometric

diagram (generally 1013.3 mbar, 29.92 in. Hg,
or 14.697 psi)

30
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RH = measured relative humidity (inlet, upwind,
or exhaust)

RHc = corrected relative humidity (inlet, upwind,
or exhaust)

5-11.3 Drawing of the Measured Plume Dilution Line

On the psychrometric diagram:
(a) Locate the point representing the upwind air con-

ASME PTC 23-2003

5-11.7 Calculation of the Tower Plume Indicator

The ratio expressed in percent of the equivalent
exhaust air relative humidity and the measured exhaust
air relative humidity is the tower plume indicator.

TPI = 100 RH.
- "'RH,

dition using the upwind dry-bulb temperature and the where

upwind relative humidity. RH, = corrected exhaust air relative humidity
(B Locate the point representing the exhaust air con- RHg. = equivalent exhaust air relatiye hurhidity

ditipns, using the exhaust dry-bulb temperature and the

exhgwust relative humidity.
(@ Draw a straight line between these two points.
Thig line is the measured plume dilution line.
5-11.4 Calculation of the Guaranteed Relative
Humidity
On the manufacturer’s guaranteed curves, the guaran-
teed exhaust wet-bulb and dry-bulb are read, using lin-
ear|interpolation between the curves for the test
conglitions (flow, range, inlet wet-bulb temperature, cor-
rectpd inlet relative humidity). The guaranteed relative
hunpidity of the exhaust air is then calculated from these
valyes and the standard barometric pressure (the one
usedl in the psychrometric diagram), using the psychro-
metfic diagram or software.

|.5 Drawing of the Guaranteed Plume Dilution
Line
On the psychrometric diagram:

Locate the point representing the upwind air con-
ns using the upwind dry-bulb température and the
upwind relative humidity.

(4) Locate the point representing the guaranteed
exhqwust air conditions, using the-guaranteed exhaust
bulb temperature and the-exhaust relative humidity.

Draw the straight line between these two points.

line is the guarantéedplume dilution line.

|.6 EquivalentGuaranteed Exhaust Air Relative
Humidity
The relatiye location of the two dilution lines on the
psyghrometric chart (measured and guaranteed) shows
whdtherthe plume performance is fulfilled. If the mea-
surgd dilution line is on or under the guaranteed dilution

5-11.8 Evaluation of the Air Mixing-Quality

This evaluation need only be dene When the gharantee
is based on zero visible plumie.-}f the dry airf coming
from the dry heat exchanger does not mix well with
the wet air coming form/the wet heat exchafger, the
temperature and the humidity of the rejected| air will
vary across the section.of the cooling tower exhgust area.
Some light visible plume due to incomplete mi¥ing may
exist on some lécations above the fan stack exif level. If
such light-plume only extends generally within 50 ft
(15 m) above the fan stack, it is often acceptablle to the
owner.If such light plume is acceptable, the desjgn basis
is litnited visible plume and the mixing qualfty need
not be verified.

If such light plume is not acceptable, the desjgn basis
refers to zero visible plume, and the quality df the air
mixing shall then also be verified. The procedure is to
check that any exhaust air measurement point §s within
an acceptable variation from the average pojnt. This
variation is called the scattering criteria.

(a) If all the points measured above the fan
within the scattering criteria, the mixing q
acceptable.

(b) If some of the points are above the adceptable
variation, but the airflow corresponding to thege points
is small (maximum air flow criteria, see para. $-11.9.3),
the plume will disappear very quickly above the fan
stack, and the mixing quality is acceptable.

(c) If some points are over the acceptable vfariation,
but the air flow associated with these points|is large,
the plume will not disappear quickly above the fhn stack,
and the mixing quality is not acceptable.

tack are
hality is

5-11.9 Scattering Criteria

line, the plume performance is fulfilled. To quantify the
performance, a tower plume indicator can be calculated.
The guaranteed exhaust air relative humidity must be
transferred to an equivalent one at the same enthalpy
as the test condition.

(a) Draw the enthalpy line passing at the point repre-
senting the measured exhaust air conditions.

(b) Read the equivalent guaranteed exhaust air rela-
tive humidity at the intersection of the guaranteed dilu-
tion line and the above enthalpy line.

31

5-11.9.1 Calculation of the Maximum Limit of the
Exhaust Air Relative Humidity. Tests on models and on
actual cooling towers show that a scattering from 1.2 to
0.8 times the average value of the exit air relative humid-
ity is normal and acceptable when mixing wet and dry
air. This means that the maximum measured relative
humidity (corrected by the atmospheric pressure as
described in para. 5-11.2) calculated for each individual
point at the fan exhaust area must be within the average
multiplied by 1.2:
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RH,.. = RH,-12

where
RH, = corrected measured average relative
humidity, %
RH,.x = maximum limit of the exhaust air relative

humidity, %

5-11.9.2 Calculation Criteria. On the psychrometric
chart:

ATMOSPHERIC WATER COOLING EQUIPMENT

that has a 95% probability of containing the true value.
The procedures developed in ASME PTC 19.1-1998 are
used to estimate the uncertainty in calculated capability
results of the particular wet cooling equipment test by:

(a) estimating the systematic and random uncertainty
components in each variable

(b) combining the systematic and random compo-
nents

(c) evaluating the sensitivity of the capability to the

(a) Dfaw the enthalpy lines passing through the point
representing the measured exhaust air conditions.

(b) Lgcate on this line the point corresponding to the
allowed maximum limit for the exhaust air relative
humiditly (RHmax)-

(c) Dfaw the straight line between the above point
and the|point representing the upwind air conditions.
This lin¢ is the maximum limit dilution line.

(d) Mark any individual measured exhaust air condi-
tion thaf is outside of the maximum limit dilution line.

5-11.9.3 Maximum Airflow Criteria. If the measured
relative [humidity at some points is above the normal
scatterirlg, these particular points have to be marked,
and the fissociated airflow calculated. If the airflow asso-
ciated with these particular points doesn’t exceed 15%
of the tptal airflow of the cooling tower, the mixing
quality {s acceptable.

5-11.9.4 Mixing Quality Coefficient. The mixing qual-
ity coeffjcient can be calculated from the above marked

and rec¢rded airflow.
M, =1 2V 100
q = - SV, :
where
M, ¥ mixing quality percentage

= > 85%

Ve ¥ local exhaust air flow(s (air velocity)
Ven # marked exhaust local air flows (air velocity)
The air mixing quality.is-fulfilled if the mixing quality

coefficient is greater than or equal to 85%.

5-12 UNCERTAINTY

Regarflless_of the wet cooling equipment type, the
thermal lpetformance of the equipment is evaluated from

parameter

(d) combining the uncertainties in terms of capaHfility

The procedure described in this Code provides a pim-
plified method for calculating the uncertaihty associpted
with a cooling equipment performance test. The confi-
dence level of 95% indicates theredis-a 95% probability
that the true test result would{fall within the rgqnge
of the calculated test capability, plus or minus the|test
uncertainty.

An example of an uncertainty calculation is shown in
Nonmandatory Appendix D.

In this procedurefterms that typically have less than
0.20% impact on.capability are not included. These tgrms
are insignifieant/for normal operating and test condi-
tions and.may be excluded when test conditiond are
within theroperating limits specified in para. 3-8.|The
effectsyof some excluded terms may increase if the|test
conditions vary significantly from the design p¢int.
Rarameters that are not included in the calculation of
tower capability are also not evaluated in an uncertdinty
estimate. Examples of variables that are not evalupted
are effects of inaccurate performance curves, wind
speed, and lapse rate.

It should be noted that the purpose of a postttest
uncertainty analysis is to determine the accuracy of the
final test results.

5-12.1 Systematic Uncertainty

Systematic uncertainties are approximations of
fixed errors inherent in a measurement. These error:
also called bias errors. Systematic errors are typigally
the largest source of error in a cooling tower performgnce
analysis. These errors are primarily a result of the infrin-
sic accuracy of the instruments and of the calibrgtion
procedures employed. Systematic uncertainty errors are
estimated from review and analysis of the instruthent
manufacturer’s specifications, independent paranfeter

the
are

measurements of hot water temperature, cold water
temperature, wet-bulb temperature, water flow rate, etc.
Each of these variables is measured with instrumenta-
tion designed to be accurate but the measurement of
each parameter is inexact to some degree. The amount
of error within a measured variable and ultimately the
total error in the test result cannot be directly measured
but can be estimated through the application of an
uncertainty analysis. Uncertainty U is defined as an
interval, about the measured value or the final test result

32

measurement by additional means —and nvamithnfl Of
Y 4

typical calibration data.

5-12.2 Spatial Systematic Uncertainty

Spatial systematic uncertainty errors occur during the
measurement of a spatially diverse sample. Spatial error
is defined as the difference between the true average
value of a parameter and the average produced by an
array of instruments used to measure the parameter.
Spatial errors for a standard cooling tower thermal per-
formance test occur during the measurement of inlet
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wet-bulb temperature, inlet dry-bulb temperature, and
cold water temperature when measured with an array
of probes. Spatial uncertainties also occur during the
measurement of water flow rate within a pipe as a result
of the limited number of local measurements that are
used to calculate average velocities across the measure-
ment plane. Spatial uncertainties are calculated from the
average of local measurements in space and are thus
independent of time.

ASME PTC 23-2003

from repeated measurements of transient data (e.g., the
variability in a wet-bulb temperature reading at a spe-
cificlocation). Precision errors can be reduced by increas-
ing the number of measurement repetitions or by
selecting data intervals with greater stability. The popu-
lation standard deviation o is a measure of the scatter
about the true population mean . For a normally dis-
tributed population, the interval w + 20 will include
approximately 95% of the population. An estimate of

Ir} general, spatial distributions are not random; there
is definite pattern in the variation of the test parameter
in space. In principle, the uncertainty associated with
this|variation could be calculated as an integration error.
However, the measurement points for the test parame-
ters|containing a spatial distribution are not sufficiently
denpe to permit the treatment of spatial uncertainty as
an integration error. Therefore, the variation is treated
as rindom with the understanding that this will overes-
timate the spatial uncertainty. The calculation of the
spafial uncertainty depends on an adequate sampling of
the pariation. For instance, because of access problems,
watpr flow rates are frequently measured with a pitot
travierse conducted on a single diameter. This single
travierse provides no information about the variation of
velqcity with angular position and therefore contains
insyfficient data for the calculation of uncertainty due
to spatial variation.

Alccording to the guidelines of ASME PTC 19.1 [Eq.

(10.7)], spatial uncertainties are calculated from the fol2
lowlng formula, from which S, is calculated:
Bsp _ Sgpatial
M
M P
2 (XeaX)
Sspatial = k=1
M1
whdre
Bs, = systematic ungertainty due to spatial vari-

ation

the number of measurements locations
averageyvalue of the group of measurements
time-averaged value at the measurement
location k

SIS

Spatialerrors are associated with the calculation of

the population standard deviation is the standatd devia-
tion of a data sample S,, which is determined |by:

SXk =
where
N = number of measurements or readings| per sta-
tion (e.g., 60 channel scans of a data acquisition
system)
SXk = standard deviation at the measurem¢nt loca-
tion k
Xix = timgi reading at location k
X =<average value of the measurements at 4 specific
location k
For parameters calculated from multiple instfuments,
the standard deviation of the group is determfned by:

M
J2 S
k=1 'k

Sz =
M
where
M = number of instruments
Sz = standard deviation for the group of instru-
ments measuring a single parameter
Sz, = standard deviation for a group of insfruments

used to calculate an average of the spme test
parameter

The standard deviation of a time-averaged
calculated by:

array is

Sz
x N

Systematic uncertainties are estimated or cglculated

thelaverage from physically distinct regions. For a
mechanical draft cooling tower with two air inlets, the
upwind side of the cooling tower is physically separated
from the downwind side. A separate spatial uncertainty
is calculated for each side of the cooling tower. An exam-
ple of this calculation is included in Nonmandatory
Appendix D.

5-12.3 Random Uncertainty

Random errors are also referred to as precision errors.
Random errors result from the scatter of data that result

33

TOT €act assumption or parameter tnat atiects the test
result. In a similar manner, standard deviations are sta-
tistically calculated for thermal measurements that affect
the test result. Although not used directly, the uncer-
tainty, in terms of the test measurement, can be calcu-
lated from:

Uy, =25

where
U, = random uncertainty in parameter x
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5-12.4 Sensitivity Factors

Sensitivity factors #relate a change in an independent
measured parameter to the resulting change in the test
result. These sensitivities are calculated as the partial
derivative of the test result with respect to the parameter
of interest. The sensitivity may also be calculated numer-
ically as the ratio of the change in the test result to the
change in the test parameter.

These, i

BT X
where

Ca e . s
6TP = sensitivity factor for relating test capability
7 to test parameter j

Sensitiivity may also be calculated by employing the
central dlifference theorem. If the data reduction of a
paramedfer (e.g., water flow rate) or test result (e.g., capa-
bility) if performed with a computer, the sensitivity of
the parameter or test result to supporting measurements
may be hpproximated by making a small change in the
supporting measurement and evaluating the change in
the pargmeter or test result. This is represented by the
following equation:

dCap  ACap

9X; ~ AXP,

Cap __
o5y =

These|sensitivities are easily calculated by manipula-
tion of nputs into computerized data reductionpro-
grams of spreadsheets. The test result is calculated using
the test parameter plus a small increment and then recal-
culated fising the same value minus the small increment.
The chapge in the test results at each 6f'the two evalua-
tion points is divided by the total difference between
the twolinput values.

5-12.5 Combining Elemental)Systematic
Uncertainties

The systematic uncertainty of the parameter i is the
root-sumi-square ,of-all elemental systematic uncertain-
ties By for all KisQurces:

B, = /éB?

ATMOSPHERIC WATER COOLING EQUIPMENT

J
Bx = |2 (6B)
i=1
where
0, = sensitivity factor relating the specific parameter

to the result

The ASME Test Code for Test Uncertainty, PTC 19.1-
1998, introduces the concept of correlated systematic
uncertainty. Systematic uncertainties are correlhted
when components of the uncertainty in two paramgters
arise from the same source. Examples of correlated efrors
include using the same device to measure’ diffefent
parameters or calibrating different pafamnveters agginst
the same standard. One common ekample for codling

ers. For the case where the'result is determined
two parameters that havé-cerrelated systematic erfors,
the systematic uncertainty is calculated by:
Y
Bgr =J(6:B1)* + (6:B2)* + 26,6,B,)

The terms B, , are the estimates of the covarianc¢s of
the systematic uncertainties of parameters 1 and 2. When
the systematic errors are uncorrelated for all paramepers,
this equation reduces to:

When the systematic uncertainties for all paramgters
are perfectly correlated the equation for completely|cor-
related systematic uncertainty reduces to:

]
Br = 21 0:B;
<

When measured test parameters contain both c¢rre-
lated and uncorrelated errors, it is usually easier to djom-
bine the correlated terms into a total correlated ferm
and to combine the uncorrelated terms into a total urjcor-
related term for the result. For instance, if the circulating
water flow rate is measured in two risers with the same
Pitot tube, the calibration systematic uncertainty of the
Pitot tube in each measurement is perfectly correldted.
The spatial systematic uncertainty in the risers cap be

\/k=l

Uncorrelated systematic uncertainty occurs when the
systematic uncertainties for a parameter arise from inde-
pendent sources. Because they are independent, an error
in one measurement introduces no errors in the mea-
sured value of other parameters. Uncorrelated uncer-
tainties are combined using the square root of the sum
of the squares. The systematic uncertainty of the test
result for | parameters, when all elemental systematic
uncertainties are uncorrelated, is:

assumed to be uncorrelated. The total systematic uncer-
tainty is calculated as a combination of the total corre-
lated and uncorrelated terms.

5-12.6 Combining Elemental Systematic
Uncertainties Fan Motor Power Example

For a mechanical draft cooling tower with nine fans,
the average test fan power is calculated by summing
the measured fan power for each fan and dividing by
the number of fans.
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9
> HPy
K=

HP, 9

The same instrument is used to make each measure-
ment of fan power. A systematic error due to the calibra-
tion of the power meter will be repeated for the power
measurement on each fan. Thus, the systematic uncer-
tainties for fan power measurements for each fan are

ASME PTC 23-2003

(b) Treat measurements of the same parameter as cor-
related even if these measurements are made using dif-
ferent instruments of the same type. This is justified
because many systematic uncertainties for multiple
measurements arise from the same source. This rule is
always conservative; the uncertainty calculated will
always be greater than if the uncertainties were treated
as uncorrelated or partially correlated. Using this rule,
the systematic uncertainty of each of the wet-bulb tem-

perfeety—eorrelated—Thereforethe-systematieuneer
tainty for the test fan power is

9
HP; = 2, 6up Bup,

=1

and|
1
Oupr = ]

If|the calibration uncertainty of the power meter used
for fhe test measurements is expressed as 2% of the full
scalp reading:

& (1
Bup = 2> (—-BHRk) = .02FS
N =R

I} contrast to this perfectly correlated example, in

mogt cases the systematic uncertainties for measured
pargmeters will be neither perfectly correlated nor per-
fectly uncorrelated. However, the treatment of partially
cortelated systematic uncertainties is complex and*is
usuplly not justified. To avoid the complexity<of the
treafment of partially correlated uncertainties,the fol-
lowjng general guidelines are offered:
(@) Treat the measurement of different parameters as
undorrelated. In the computation of the systematic
uncertainty in the predicted water)flow for a cooling
towpr test, hot water temperattire, cold water tempera-
turq and wet-bulb temperature should be treated as
uncprrelated uncertainties! This is justified because
mary of the systematic\uhcertainties common to these
medsurements tend-to.be relatively small in comparison
to the uncorrelated uncertainties.

perature measurements would be considered-tofally cor-
related when calculating the averageywet-bulb
temperature. In practice this means instgtument| system-
atic uncertainty for any parameter will be equifalent to
that of a single instrument measuring that paameter.
An important exception tothe)general rules occurs
when a significant portion of the total systematjc uncer-
tainty is caused by spatialariation. Errors due fo spatial
variations are almost tetally uncorrelated and tfeatment
of these uncertaintie$-as correlated may lead to p greatly
inflated measurermgent uncertainty. This most often
occurs when flow*measurements are made at multiple
locations using the same Pitot tube. In this ¢ase, the
systematic\uncertainties should be treated as partially
correlated. Further guidance for combining umcertain-
ties, ofy'partially correlated parameters is proyided in
Nenmandatory Appendix D of this Code and in ASME
PTC 19.1, Appendix B.

5-12.7 Total Uncertainty of a Measurement

The total uncertainty of a measurement is a dJombina-
tion of the systematic and random uncertainfies. The
combination of the systematic and random uncdrtainties
is expressed in the following equation:

Ubs = /Bk +(259)°

5-12.8 Total Uncertainty of Result

The total uncertainty in the test result is c3
from the following:

Iculated

k
usP = §]: ( g]sap u{)s)z
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Section 6
Report of Results

port of the results of the test shall include as a
m the following items:

ief summary of the objective, results, and
ons

presentative parties to the test

escription of the cooling tower tested, including
d mechanical equipment

wer thermal design conditions

pthod of test (including a sketch of the cooling

tower ad test instrument locations) including, but not

limited,
(1)
the test
(2)
(3)
(4)

locationp

(5)

(6)
prescrib
(f) su
(g) m
(h) sp
error, in|
(i) tes
(1)

to the following items:
speed and direction of wind prevailing during

overall dimensions of the installation
piping/riser layout

water flow rate and temperature measurement
b

types of instruments used

description of any methods of measurement not
bd by the Code

nmary of measurements and observations
bthods of calculation from obtained data
ecified and/or agreed allowances for possible
rluding method of application

t results reported as follows:

results computed on the-basis of the test

operatifg conditions; only cerrection applied is for

cal form
(2) results corrected to specified conditions if
test operating conditions have deviated from those s
ified presented in tabular and graphical form
(j) discussion of test, its results, and conclusions
(k) supporting documentation/information requ
to make the report complete such as
(1) appendices and illustfations to clarify des
tion of the equipment, methods, and circumstance
the test
(2) descriptions 6f methods of calibration of the
instruments, calibration certificates
(3) samplé test result calculations

- phl'

the
pec-
ired

Tip-
s of

test

(4) datasheets and applicable performance cufves

(5) raw~data as recorded during the test
(6) "ealibration checks performed on site
(Z) uncertainty analysis

6-2 REPORT DATA

Nonmandatory Appendix L provides repor
guidelines for typical test parameters and other p

ing
Prti-

nent information for wet mechanical and natural dlraft

cooling towers, closed-circuit evaporative wet coo
wet-dry cooling towers, and wet surface air-co
steam condensers.

Copies of the final test report shall be distribute
the test parties. Tests performed by independent a
cies shall not be distributed beyond the official pa
to the test.

lers,

led

d to
pen-
Fties
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NONMANDATORY APPENDIX A
PERFORMANCE MONITORING

A1 —INTRODUCTIO!

This Appendix addresses techniques that permit
trending and evaporative cooling equipment perform-
anc¢ evaluations during operation. Although the main
bodly of this Code is written for the purpose of accept-
ance testing, satisfactory performance monitoring can
be gchieved without the stringent instrument accuracy
reqyired for acceptance testing. The reduced need for
suclh a high level of accuracy is what distinguishes the
monpitoring test plan focus, set-up, and data from accept-
anc¢ testing. Relative measurements and repeatability
are fritical. If the data prove to be repeatable during the
samye operating conditions, correction factors to absolute
performance levels can always be developed from an
analysis of those data sets.

istorical trending can be handled differently than
accgptance testing because less emphasis is placed on
the fictual measurement accuracy. Although exact values
are important, the differences that exist between them
are pf greater interest. Using the cooling range of a ccol-
ing fower as an example, a 0.2°F inaccuracy for a single
medsurement, though important for acceptance ‘testing,
males little difference if both values are biased in the
same direction. In this case, presuming the"biases are
equpl in magnitude, the inaccuracies will cancel out
wheén calculating the difference. Therefore, ordinary
operational sensors can be successfully used for trending
purposes as long as their biases are considered and
accqunted for. Accounting for differences in measure-
merts can be accomplished by the installation of test
quality sensors and by\cemparing them to those perma-
nently installed. Ofice the biases are determined, they
can|be used to correct the operational values. After the
corfections haye been incorporated, and incremental
changes intherange correspond to operational changes
in the range of the tower, the retrieved information can
be ysé&d-to start an historical file on the cooling tower.

TheToltowing diScussion describes the considerations
of evaporative cooling equipment performance monitor-
ing tests.

A2 PERFORMANCE MONITORING TEST
STRUCTURE

Performance monitoring can range from periodic to
real-time online testing. Implementation of a perform-
ance monitoring program will vary significantly

between—plants—and—wil-be-based-ontoealneeds, eco-
nomics, and resources, including evaporative cooling
equipment performance, instrumentation methpds, and
methods of data collection and interpretation.

A decision that significantly characterizes an ¢vapora-
tive cooling equipment program-is Whether to|monitor
periodically, continuously, or Hoth. The benefitp of con-
tinuous evaporative cooling equipment perf¢prmance
monitoring are: the knowdedge of when changles occur
and what the related“circumstances were in prder to
develop the earliest' operational or mainfenance
response; the ability to anticipate if there will pbe more
severe changes from the initial indications; and|the con-
tinuous assessment of how the evaporative[cooling
equipmeént ihfluences the generation, the procegs, or the
costs.:Nevertheless, a compromise may be copsidered
thatbalances the one-time high capital costs and mainte-
namnce cost of the continuous system’s permanent instru-
mentation against the repetitive set-up costs gnd data
collection of the periodic test. It should also Qe recog-
nized that more complex and reliable levels of perform-
ance monitoring require increased quantities of
instrumentation.

A3 MONITORING PARAMETERS

The following recommended monitoring pafameters
are listed in a general order of importance; howgver, the
actual order of the list is always dictated by [the pro-
gram’s overall objectives:

(a) ambient local wet-bulb and dry-bulb temperature

(b) tower approach terminal temperature difference

(c) tower approach deviation from design

(d) relative or actual circulating water flow

(e) range of cooling

(f) wind direction and approximate speed

(g) estimated recirculation if applicable

1) makeup, blowdown
(i) generation or applicable plant output
(j) fan power, if applicable

A4 MONITORING MEASUREMENTS

If a modern plant DCS is not available, a recorder
with a computer interface is recommended. Computers
with data-logging capability can also be used. Manual
readings using local instrumentation, although not rec-
ommended, are an alternative. A formal data sheet
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should be constructed so that no readings are left out.
Data sheets should be filled out on a daily basis to
establish the necessary historical trending.

The requirements for acceptance test measurements,
described in the main body of this Code, can be slightly
relaxed and adapted for performance monitoring, as
long as the sensor in question is still sufficiently accurate
to reliably reflect the same relative test value as condi-
tions change ing_di i
below apply. Several notes are relevant to Table A4. Most
installed plant flow devices are not sufficiently accurate
to serve|as a primary flow measurement device, so in
order tolmonitor the flow accurately, it is a key require-
ment to|calibrate plant devices during an accurate test.
For example, correlate pump TDH, a self-averaging Pitot
tube, or [Pitot tube center point measurements, with pre-
vious fyll traverses of a Pitot tube as the circulating
water flpw is varied by throttling a valve or the line-up
of the pimps is changed. With regard to pressure, water
temperdture, and air temperature measurements, refer

NONMANDATORY APPENDIX A

to sections of this Code or the supporting 19 Series PTC
Codes for instrumentation choices. Some new instru-
mentation is likely to be a requirement for a successful
monitoring program.

A5 CALCULATIONS

Refer to Section 5 for details of the computations of
the parameters for trending. All variables are recom-

cent capability, cold water approach, range, or wef:
temperature. Normalize the data with respect to-defi
capability or approach. Benchmark milestoneleonditions
such as cleaning the fill or tube bundle;’/revising| the
water-treating program, or adjustingthe fan blade gitch
or the individual cell water distribution.

To ensure data validity, examine the statistical
variation. The data should &€ precise, consistent,
dependable. Suitable appitoximations can be m
depending on the expetrierice of the personnel and
gram goals.

Hata
and
hde,
pro-
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Table A4 Performance Monitoring

Measurement

Code Requirement

Performance
Monitoring Method

Potential Caveats and Inaccuracies

Tower cooling
water flow

Pitot tube traverse

Ultrasonic meter, Pitot tube cen-
terpoint, self-averaging Pitot
tube, pump TDH and curve, heat
balance method, electromagnetic
flowmeter, differential pressure
devices

Nonrepresentative velocity profile or large vor-
ticity at location of meter; scale build-up in
line; out of round pipe diameter; unknown
open channel flows; periodic blockage of
sensing ports by debris; ongoing pump dete-
rioration; inaccurate hot or cold water tem-

Towdq

Air t

Wind

Fan

Evap
o
flo

r water tem-

ratures

mperatures

speed

ower

prative
bler inlet

d outlet tem-

ratures

prative
bler process
S

Arrayed probes, full flow
bleed stream

Proximate, accurate,
mechanically aspi-
rated psychrometers
upwind and downwind

Remote reading meteoro-
logical anemometer

and wind vanes of vari-

ous designs at proper
height

Local wattmeters or
motor voltage and
amperage

Thermowells per
PTC 19.3

Differeftial " meter like ori-

ficeror'venturi meter;
time of travel ultrason-
ics; Pitot tube traverse

Submerged sensors in flowing hot
water return flumes or dis-
charges, calibrated thermocou-
ples, thermowells on CW lines
downstream of pump or at the
condenser

Station meteorological tower mea-
surements, local airport measure-
ments, upwind and downwind
ground level psychrometers or
dew point readings, sling psy-
chrometers

Same as Code except closer to
ground level and, not-as close to
tower

Same®as-Code but remotely
recorded

Calibrated thermocouples in ther-
mowells on process fluid lines
before and a few diameters
downstream of cooler

Ultrasonic meter, Pitot tube cen-
terpoint, self-averaging Pitot
tube, pump curve with TDH, heat
balance method, electromagnetic
flowmeter, differential pressure
devices

peratures; inaccurate gauge or corfection to
pump C/L; out of calibration transflucers

Nonrepresentative temperaturé profilp near the
basin pump; shallowyorun-insulatgd ther-
mowells; inadvertent ‘Contact of supmerged
sensor with heundary or wall; poof calibra-
tions

Influénce of sunlight; poor, shadowefl loca-
tion; influence of local water body]or terrain
vs. a distant weather station; poor water
quality on wicks; influence of loca| wind on
plant structures and heated exhaukts;
widely variable wind direction; pogrly main-
tained or unknown equipment caliprations

Local influence of terrain and ground in the
case of natural draft, poor correlatjon esti-
mates of wind speed at top of shdll; poor
instrument quality; effect of weather and
time on basic meter correlation

Poor inherent instrument quality; chdnging
motor efficiencies; poor calibratior]

Nonrepresentative temperature profile near the
basin pump; shallow or uninsulatdd ther-
mowells; inadvertent contact of supmerged
sensor with boundary or wall; poof calibra-
tions

Nonrepresentative velocity profile or [large vor-
ticity at location of meter; scale bdild-up in
line; out of round pipe diameter; geriodic
blockage of sensing ports by debris; ongo-
ing pump deterioration; inaccurate| hot or
cold water temperatures; inaccurate gauge
or correction to pump C/L; out of ¢alibration
transducers

Evaporative
cooler spray
water flows

Differential meter like ori-

fice or venturi meter;
time of travel ultrason-
ics; Pitot tube traverse

Ultrasonic meter, Pitot tube cen-
terpoint, self-averaging Pitot
tube, pump curve with TDH, heat
balance method, electromagnetic
flowmeter, differential pressure
devices

39

Nonrepresentative velocity profile or large vor-
ticity at location of meter; scale build-up in
line; out of round pipe diameter; periodic
blockage of sensing ports by debris; ongo-
ing pump deterioration; inaccurate hot or
cold water temperatures; inaccurate gauge
or correction to pump C/L; out of calibration
transducers
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Table A4 Performance Monitoring (Cont’d)

Performance
Measurement Code Requirement Monitoring Method Potential Caveats and Inaccuracies
WSACC steam Two basket tips per cell One basket tip in tube bundle Water in lines, vacuum leaks, long sensing
pressure not to exceed 10 lines, use of wall taps rather than basket
tips; out of calibration or poor initial cali-
bration
WSACC airinlea- Qrifice or rotometer Qrifice or rotometer Transducer out of calibration: blockage
kage
Recirculatfon Large number of wet Small number of sensors (presum- Wind direction and speed changes;.insuff|-
bulb sensors, all at air ably at air inlets if monitored) cient sensors; poor calibrations

inlet planes
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NONMANDATORY APPENDIX B
ULTRASONIC FLOWMETERS'

B1 —FRANSH-HMEFLOW-METERS

“ha
whrere

B1.1 Time Difference Type

Flow computed by transit time devices is calculated
by measuring the time taken for a burst of ultrasonic
enefgy to migrate across a pipe section. Fig. B1.3-1
depjcts a typical installation of a generic type meter
configured on a spool piece pipe section.

The governing equations relating the time interval to
the pther physical parameters are as follows:

T(ﬂb) = L/(C + V cos 9)

T(b,,) = L/(C -V cos 9)

whgre
C = speed of sound in the measured fluid
L = acoustic path length
Twy = time interval for the ultrasonic energy burst
to go from Transducer A to Transducer B
Te = time interval for the ultrasonic energy bursf

to go from Transducer B to Transducer. A
V = velocity of the fluid
6 = angle of the path with respect te(thé pipe
axis

Simplifying the above relationships yields the fol-
lowng:

AT = T(b,,) - T(,,b) ='2LV cos 0/C

here
I = Ty — T

L s

Flirther simplification finalizes the equation to:

V = L AT/2 cos 0 T4

Transdicer B—>

T, = average transit time between the tramsducers

Once the cross-sectional area of the/pipe sdction or
spool piece is known, the product of the corresponding
area and velocity will yield volumetric flow rdte.

B1.2 Frequency Difference Type

The metering concept for this type of device njaintains
one ultrasonic energysgenerating module (als¢ known
as oscillator) at a frequency of fag = 1/T(y)|and the
second oscillatorat(fp,) = 1/T ).

The velocity is)related to the difference in fequency
by the following relationship:

V = AfL/2cos 6

B1.3."Flowmeter Construction

The fabrication and corresponding packaging of mod-
ern ultrasonic flowmeters consists of an electronjcs hous-
ing for the central processing unit (CPU) module,
transducers, and a pipe section. Most desigr; allow
removal of the transducers without interrupting the pro-
cess flow. A spool piece with integral transducdrs is one
of the more common types of configuration [see Fig.
B1.3-1). In the integral transducer type, the manyfacturer
mounts the transducers to a flanged pipe sectionor spool
piece. The unit can then be calibrated by the rhanufac-
turer to customer specifications in a certified flpw labo-
ratory. The spool piece becomes an integral pdrt of the
hydraulic system and cannot be retrofitted| into an
existing system. Most manufacturers will supply a trans-
ducer assembly capable of being mounted outs{de of an
existing pipe (see Fig. B1.3-2). This type of sygtem can
be configured by adjusting the inputs to the CPU module
corresponding to pipe diameter, pipe wall thickness,
process fluid, percent of solids concentrationf process
temperature, change of process temperature, cgmpress-

I r=| Flanged

end <

Flanged |- W -
./ end

— @Transducem —

Fig. B1.3-1 Integral Transducer

ibility factor etc Flowmeters of thig typeare ea ]y retro-
fitted and/or temporarily installed into an existing
system because no pipe sections need to be installed,
thus ensuring that the dynamics and physical properties
of the system remain intact. Mounting hardware for the

! This Appendix addresses the principle of operation, construc-
tion, and field applications for transit time and Doppler types. The
objective of this Appendix is to provide further information to
those considering the use of this flow measuring instrumentation.
For more information, refer to References at the end of this Appen-
dix; Nonmandatory Appendix M, References; and PTC 19.5.
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B1.3-2 Transducer Assembly Mounted
Outside of an Existing Pipe

Fig.

pads to [properly attach the transducer to the pipe and
eliminate the possibility of any air gaps.

Several manufacturers have provided transducers and
mounting hardware that can be installed into an existing
pipe. Holes are drilled into the existing pipe and the
transdu¢er mounting hardware is attached by welding
or othef suitable means. The transducers are then
mountedl and aligned. Units of this type may be config-
ured by fhanging the inputs to the CPU only after careful
measurgments of transducer angle, spacing, and pipe
diametef are made.

arrangeEent shown in Fig. B1.3-2 includes silicone gel

B1.4 Application Considerations

Common to most meters, ensuring proper operation
requires| that the spool piece or pipe section be always
full of the measured fluid. Manufacturers and, Corres-
ponding codes will specify the minimum disfance from
valves, tees, elbows, pumps, and other flow obstructions
that will minimize measurement inaccuracies. Typically,
10 to 2() diameters upstream and 5'diameters down-
stream dre required. Since ultrasonie.flowmeters rely on
an acoupstic signal traversing acrdss the pipe section,
the liqujd must be relatively.free of solids and/or air
bubbles] Bubbles in the flowstream cause more attenua-
tion of the acoustic sighals than solids do. On average,
most flqwmeters can tolerate a single-digit percentage
of solid§ but only*a-fraction of a percent of entrapped
gas bubples.

Propef transducer materials and protection must be
selected|to prevent transducer damage due to chemical

Fig. B2.1-1 Doppler Flowmeter

and process. Most manufacturers calibrate each flow-
meter at one or more points under‘actual flow condi-
tions. Repeatability, usually spédified as a percer|t of
rate, is typically better than«:25% but depends ypon
the velocity range and manufacturer.
In an attempt to improve performance and accufacy
for larger pipe sizes; some suppliers offer flowmgters
with two, four, or more pairs of transducers arrarjged
in multiple acoufstical paths. The cost of the descrjbed
configuratiomyis higher than that of a single path flow-
meter.
Bidirectional flowmeters, as the name implies, [will
measure flow in either direction. The display and ouftput
of thie'calculated flow information depends on the manu-
facturer. The CPU may be programmed to act as a tptal-
izer in order to indicate total flow through the flowmgter.
A current output (4 mA to 20 mA) is usually standard,
and voltage, pulse train, or other digital outputs may be
optionally available depending upon the manufactpirer.
Alarms for high or low flow are available from fost
manufacturers and included in most popular modgls.

B2 DOPPLER FLOWMETERS

Dopler flowmeters are not recommended becguse
they are not sufficiently accurate.

B2.1 Principle of Operation

In a Doppler flowmeter, an ultrasonic wave is pro-
jected at an angle through the pipe wall into the liguid
by a transmitting crystal in a transducer mounted on
the outside of the pipe. Part of the energy is reflefted
by bubbles or particles in the liquid and is retufned

action when measuring corrosive Iluids. lemperature
limitations must also be considered and the appropriate
hardware chosen to ensure reliable and accurate flow-
meter performance.

B1.5 Performance Specifications and Features

Accuracy, usually specified as a percent of rate, is 1%
to 1.5% in laboratory application, but 4% to 6% in typical
field cooling equipment applications. Differences can
vary significantly with manufacturer, velocity, pipe size,

42

througtthe pipe walltoa Teceiving crystat—Simce the
reflectors are traveling at the fluid velocity, the frequency
of the reflected wave is shifted according to the Doppler
principle (see Fig. B2.1-1).

Combining Snell’s Law and the classical Doppler
equation, the velocity relationship becomes

V = AfCt/(2 fo cos 6) = AfK

where

Ct

velocity of sound in the transducer
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a partially full pipe as long as the transducer is mounted
below the liquid in the pipe.

Most manufacturers will specify the minimum dis-
tance from valves, elbows, tees, and pumps that will
ensure accurate flowmeter performance. Typically, 10 to
20 diameters upstream and 5 diameters downstream
are required for relatively clean fluids, but this might
change, depending on the process solids concentration
or solids composition.

Fig. B2.1-2 Transducer Mounting and Alignment
Hardware

fo = frequency of transmission

Af = difference between the transmitted and
received frequency

) = angle of the transmitter and receiver with
respect to the pipe axis

Vplumetric flow rate can now be determined by the
starjdard relationship

GPM = 2.45 V(ID)?

whdre
GPM = flow rate, gal/min
ID = inside diameter, ft

V = velocity, ft/min

The single transducer is the most pepular design. Both
the ftransmitter and receiver crystaliare contained in a
single transducer assembly thatmeunts onto the outside
of the pipe. Alignment of the-crystals is specified by the
indjvidual manufacturer (see-Fig. B2.1-2).
I} the dual transducef design, the transmitter crystal
and| the receiver crystalhdre mounted separately on the
outpide of the pipe-"Alignment is maintained by a
motynting assembly between the transducers, as shown
in Hg. B2.12,

Ehch manufacturer will have specific instructions on
how to mount the transducer or transducers to the pipe.
The|acouistic coupling to the pipe and the alignment of

A Doppler flowmeter relies on bubbles orgafticles in
the flow stream to reflect the ultrasonic.enérgy. Most
manufacturers specify a lower limit of the eoncgntration
and size of solids or bubbles in the(liquid for|reliable,
accurate operation. The flow must also be fasf enough
to keep the solids or bubbles¢in_suspension, typically
6 ft/sec (1.8 m/s) minimum)for solids and 2.p ft/sec.
(0.75 m/s) for small bubbles: On horizontal pjpes, the
best place to locate thedranSducer around the cifcumfer-
ence of the pipe is _rlet)dlways specified for alljapplica-
tions. The user¢should rely on the manufajcturer’s
empirical testing) application experience, and|instruc-
tions for vatidus applications.

Since energy need not go across the entire pipe, the
single transducer Doppler can work with wide varia-
tions.and high levels of solids concentration or heration.
Insthe Doppler with two transducers, ultrasonif energy
must go across the pipe, so some effects on the flpwmeter
may occur due to wide variations and high levels of
solids concentration or aeration.

The Doppler will operate independently of pipe mate-
rial provided that the pipe is sonically conductijve. Such
pipes as concrete, clay, and very porous cast iroh absorb
the ultrasonic energy and may not work with a Poppler.
Depending on the manufacturer, some Dopplers will
work with lined pipes as long as the liner is wel] bonded
to the inside wall of the pipe.

Transducer temperature limits must also bg consid-
ered for proper flowmeter operation over the full process
temperature range.

B2.3 Performance Specifications and Feature

Accuracy is usually specified as a percent jof span.
Typically, it is 2% to 3% depending on manyfacturer,
velocity, pipe size, and process fluid. Some manufactur-
ers calibrate the flowmeter at one or more poinjts under
actual flow conditions. The inside diameter ofjthe pipe

the transducer to the pipe must be maintained in spite
of pipe temperature changes and vibration. Therefore,
the manufacturer’s instructions should be followed
closely when mounting the transducer or transducers
to ensure a stable, reliable installation.

B2.2 Application Considerations

As with transit time and other flowmeters, the pipe
must always be full in order to properly indicate volu-
metric flow. However, a Doppler will indicate velocity in

must be measured very carefully to minimize the error in
volumetric flow indication, because volumetric flowrate
varies as the square of the diameter.

Repeatability is usually specified as a percent of span;
typically it is better than 0.5% under simulated flow
conditions. Under actual flow conditions it is typically
1% depending on manufacturer, velocity, pipe size, and
process conditions.

Bidirectional flowmeters will measure flow in either
direction, but they only measure flow magnitude, not
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direction. Totalizers are available in the form of an
optional counter to indicate total flow through the flow-
meter in some user-selected units.

Pipe vibration at no-flow conditions can sometimes
cause an upscale flow indication due to particle or bub-
ble motion. Some manufacturers simply turn down the
sensitivity of the detection circuitry, while others have
proprietary circuitry to ensure a zero indication at no-
flow conditions.

NONMANDATORY APPENDIX B

Sixth International Conference on the Hydraulic
Transport of Solids in Pipes, BRHA Fluid Engineering,
Cranfield, Beds (UK), (September 1979)

B. C. Liptak, “Ultrasonic Instruments.” Instrumentation
Technology (September 1974)

L. C. Lynnworth, “Clamp-on Ultrasonic Flowmeters.”
Instrumentation Technology (September 1975)

A curfent output (4 mA to 20 mA) is usually standard.
Voltage jor pulse train outputs may be optionally avail-
able depending on the manufacturer. Alarms for high
or low flow are optionally available, depending on the
manufagturer.
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NONMANDATORY APPENDIX C
TRACER DILUTION METHOD FOR WATER FLOW
DETERMINATION

C1 | TRACER DILUTION METHODS

C1.1 Constant Rate Injection Technique (Grab
Sample)

The constant rate injection method is based on the
injegtion of a tracer dye of a known concentration and
at a|measured constant rate into the stream being mea-
surdd. A sample is taken far enough downstream of the
injegtion point to allow for complete mixing. The flow
rate|is calculated by determining the concentration of a
smdll sample of the downstream, fully mixed, measured
fluigl. The achievable uncertainty of the constant rate
method has been confirmed at a range between 1% to
3%,|depending on actual test conditions.

The following equation depicts the relationship asso-
ciated with the constant rate method (see Fig. C1.1-1):

QCG+QC=0Q+Q) G 1)

whgre

(h = background concentration of measured(fluid,

ppm

(h = tracer dye concentration, ppm

(b = stream concentration, Ppm

@ = flow of measured stream, gal/min

Qi = tracer dye injection rate-n; gal/min

b = secondary transport flow-(if required), gal /min

Since C; is typically mueh-greater than C,, the previ-
ous|equation becomes:

G
° G-

Using theonstant rate injection method requires that
the following conditions be met:

@) Sufficient mixing length must exist between the
samipling point and the injection point

=~

(d) Any background concentrations of-the trpcer dye
must be accounted for.
(e) No tracer dye can be lost betweéen injecfion and
sampling point.
(f) Effects of any chemical/reducing agents [must be
calculated and corrections éstablished.
(g) Tracer dye must behave in a known quapntitative
manner depicted by predictable relationship.
Water flow studies.Have been successfully cqnducted
using various tracets and dyes. The most popplar and
predictable include rhodamine WT; rhodaming B; fluo-
rescein; agd\lithium, sodium, and similar radioactive
tracers.
Certain criteria pertain when using the said ¢lyes and
tracers. At a minimum, the selected tracers and} or dyes
miust adhere to but be limited by the followin
(a) mix easily with the measured fluid
(b) cause only negligible and accountable modifica-
tions to the measured fluid
(c) be able to be accurately analyzed at the ¢xpected
concentrations
(d) be detectable at concentrations below th¢ highest
permissible for the application
(e) cannot react with measured flow or other sub-
stances in piping affecting tracer concentrations
(f) have background concentrations of tracer] in mea-
sured flow that are correctable and constant
(g) have very low or correctable absorption fualities
One proven method of equipment configuration for
the system described is detailed in Figs. C1{1-2 and
C1.1-3.

U

C1.2 Constant Rate Injection Technique (Contjinuous
Sample)

The continuous sample method is identical on the

(b) Homogeneous concentrations of the tracer dye
must exist at the injection and sampling points.

(c) The tracer dye must be injected at a known con-
stant and accurately measured rate.

! This Appendix addresses the principle of operation, construc-
tion, and field applications for tracer dilution methods, and its
objective is to provide further information to those considering the
use of this flow-measuring instrumentation. For more information,
refer to PTC 19.5; para. C3, References; and Nonmandatory Appen-
dix M, References.

injection end to the grab sample method but differs in
how the analyzed sample is handled. This method is
more dynamic in nature and can detect disturbances in
the system during the course of the test. The flow rate
is determined by the output reading of continuous sam-
pling device determining the concentration of a small
sample of the downstream, fully mixed, measured fluid.
Grab samples can be taken at the beginning and end
of the test period to verify concentration levels. The
achievable uncertainty of the constant rate method has
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Fig. C1.1-1 Constant Rate Injection Method
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Fig. C1.1-2 Tracer Injection
Fig. C1.1-3 Tracer Sampling
been conpfirmed at a range between 1% to 3%, depending

on actud

1 test conditions.

All plevious recommended conditions, criteria, and

equatio

C13 Tr

The t1
relies on
dye frox
rate Q.
chambe

s pertain to the continuous sampling_method.

acer Injection Configuration

pcer injection arrangement shown in Fig. C1.1-2

timing the delivery of a precise volume of tracer
h a calibrated burettetg Teasure the injection
A metering pump,delivers the dye to a mixing

where a measuted carrier flow is introduced

to ensute proper delivety of the tracer dye mixture.

The i
primaryj

hjection flow-rate measurement is one of the
contribdtors to the overall accuracy of the entire

test. Therefore; the ability to accurately measure the flow
rate is kpy.tohaintaining an overall testing uncertainty
within i ge, By injecti

scales, and any other measuring device associated with
the injection flow rate measurement should be of the
highest field test quality, previously certified through
traceable calibrations, and should correspondingly con-
tribute to the expected levels of overall testing uncer-
tainty.

As with the injection flow rate, it is essential that the
injected tracer dye solution be homogeneously mixed
and its concentration verified before beginning the injec-
tion process. Vigorous mixing by means of a mechanical

46

stirrer or a closed loop pumping arrangement can engure
solution homogeneity. The injection solution shoulfl be
prepared using purified water to ensure that no absprp-
tion or other chemical reaction of the dye tracer tpkes
place prior to its introduction into the measured fluid.
The injection solution must remain homogeneofisly
mixed throughout the test run. The aforementiongd is
especially critical during extended testing periods[and
multiple conduit surveys. The settling of undissofved
particles in the solution container during the test|run
or idle periods must be eliminated. The ambient te

be accounted for using applicable temperature-bgsed
i ati i in cagped
to avoid evaporative losses and subsequent changes in
concentration.

orre Oon eq ons, A ontaine m

C1.4 Sampling Configuration

The downstream sampling configuration shown in
Fig. C1.1-3 depicts a continuous sample first passing
through an air separation chamber and then through a
continuous sampling fluorometer. The fluorescent inten-
sity of the sample is recorded, as is its temperature, so
that the proper corrections can be applied. The sample
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can be induced by injecting upstream from pumps,
elbows, orifices, and other internal piping disturbances.

C2 SAMPLING EQUIPMENT

The operation of a fluorometer is based on directing
a beam of light at a select wavelength, which causes
the tracer dye in the measured fluid to fluoresce. The
wavelength is determined by a color filter placed in

-/ [

Time (seconds)

Fig. C1.5 Tracer Sampling Period

strepm is then discharged into the draining system,
whikh complies with the environmental requirements
of the tested site.

Ptior to the start of a sampling period but well within
the [injection run, samples should be taken across the
sanfpling conduit’s cross-section to verify sampling
honpogeneity. Verification sampling must take place at
the ptart of the plateau period. More than two sampling
poimts are recommended. If homogeneity is not verified,
mixjng distances or other means must be used to achieve
proper mixing.

C1.

The sampling period is selected when the tracer-dye
fentration has reached a homogeneously constant
au period. A graphical representation of.the sam-
period is shown in Fig. C1.5.

b Sampling Period

mixjng can usually take placé at an equivalent distance
betyween 100 and 200 pipé diameters from the injection
point. Introducing additional turbulence to the mea-
surdd stream can redice mixing lengths. This turbulence

front of the light source. A secondary filteris| used to
absorb the transmitted beam and to pass-énly the fluo-
rescent light. The concentration of tracer'in th¢ sample
is linearly proportional to the intensity, of light[emitted.
The duration of a typical flow test ranges |from 15
min to 30 min. Measurementscare' recorded dyring the
plateau period of the concentration curve and fverages
are calculated. All appropriate corrections arel applied
and final flow calculatiofix¢an be made based of Eq. (1).
When measuring ‘water flows, fluorescence will be
decreased whenmixing tracer dyes with highly acidic
streams. Other factors affecting fluorescence indlude but
are not limifed to the following:
(a) absorption of the exciting light beam
(b) -absorption of the light emitted by the trhcer dye
solution
(c) chemical changes in the fluorescent compound
(d) biological absorption of the tracer dye s¢lution
(e) silt and other similarly obtrusive particlgs in the
sampling stream

C3 REFERENCES

ASME Performance Test Code 19.5-2002, Fluid] Meters

Publisher: The American Society of Mechanidal Engi-
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NONMANDATORY APPENDIX D
UNCERTAINTY CALCULATION

D1

— L | 4
arca—armeastremenTrocationt

The cplculation procedure for evaluating cooling
tower cgpability is too complex to be represented by an
equation or series of equations. Some measured parame-
ters, sudh as wet-bulb temperature, are used directly in
the calcplation. Others, such as water flow and cold
water tgmperature, are the result of a series of calcula-
tions trgnslating the measured parameter(s) into the
capabilify component. Table D1 provides a breakout of
the typifal uncertainty constituents that are evaluated
as part pf a thermal performance uncertainty analysis
for a selected window of data.

D2

Becaupe the capability calculation is too complex to
be repr¢sented by a single analytical expression, the
sensitivity of the capability to the capability components
must bq calculated numerically as discussed in para.
5-12.6.

o = dCap _ ACap
j oP; AP;
The upcertainty of each subset of measurements and

calculatfons are evaluated independently ‘in terms of

engineefing units and then multipliediby the appro-
priate s¢nsitivity factor and combined.

Table [D2 lists suggested perturbation values for each
of the cqpability components and/ranges of sensitivity
values.

Some [of the capability coniponents, such as hot water
and wet-bulb temperature, are directly measured test
parameters. Other components, such as water flow, are
derived |[from secondary parameters that are measured.
For instance, when the water flow is measured by a
Pitot trayerse,the water flow rate is calculated from the
measurgd velocity and the pipe cross-sectional area. The

= pipe diameter
water flow

QT »

Similarly, if the measured cold water-temperafure
must be corrected for makeup, the¢ sensitivity of] the
corrected cold water temperature to the makeup flow
and temperature may be calculated using the tempera-
ture correction expression provided in para. 5-3.

D3 TEMPERATURE:MEASUREMENT SYSTEMATIC
UNCERTAINTY

All therm@al measurements have a calibration jand
instrument\systematic uncertainty that is uniqu¢ for
each température measurement and calibration sysfem.
The systematic uncertainty of the temperature meagure-
ment includes:

(a) systematic uncertainty of the calibration stanIard

(b) systematic uncertainty of the instrument(s) fised
to read the standard

(c) uncertainty represented by the spatial variahility
of the temperature bath used to calibrate the templera-
ture sensors

(d) uncertainty of the measurement system usefd to
read the temperature sensors during calibration and Hur-
ing the test

(e) lack of fit of the sensor calibration equation

With quality precision RTDs or thermistor calibrhted
against a NIST traceable standard, an accuracy of 0.R0°F
may be achieved. To meet this level of accuracy, great
care must be taken in the selection of instrumgnts,
including a pretest multiple-point calibration of all gen-
sors. The calibration range must extend over the range
of test measurements for which the temperature dgvice
is used.

pipe cross-sectional area is calculated from the measured
pipe diameter. The equations used to calculate the water
flow and area are used to calculate sensitivity factors of
water flow to the pipe diameter using the derivative
form of the sensitivity equation as presented in para.
5-12.6.

g =R _ QA
~ 6D SASD

where

D3.1 Cold Water Temperature Uncertainty

When the cold water temperature is measured in a
well-mixed location, the cold water temperature system-
atic uncertainty is of the temperature measurement sys-
tem (for the system described above, Brew = Br =
0.20°F). When the cold water temperature is measured
in an equal area grid, the spatial uncertainty can be
calculated directly by utilizing previously detailed tech-
niques. If makeup enters the system in such a manner
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Table D1 Typical Test Uncertainty Components

Error Derived
Capability Components Measured Parameter Source Systematic Parameter Constants
Test water flow rate by Traverse point velocity B, Sp Function of calibration laboratory Pitot coeffi-
Pitot tube traverse standard, spatial variation at cient
calibration location, coefficient
variation with velocity, 2%
typical
Pipe diameter B 0.125 in. Corrected area
Calcflated cold water Water velocity at B, Sp See Note (1)
tefnperature mea- temp. sensor
sufed with matrix of location
prpbes
Calcflated cold water — Raw CW temp. B, P See Note (1) Corrected CW
alll measurement tech- temp., range
niques
Makeup flow B
[Note (2)]
Makeup temp. [Note B See Note (1)
@1
Blowdown flow [Note B
@1
Blowdown temp. B See Notet(1)
[Note (2)]

Hot yvater temperature B, P Seé& Note (1)

Wet-bulb temperature B, Sp, P, /> See Note (1)

Dry-Hulb temperature B, Sp, P* See Note (1) (Rel. Humidity)

[Note (3)]

Test fan power Measured kW or volt- B See Note (4) Line loss Motdr effi-
age, current, and cigncy
power factor

Test fan inlet density All measured patame-
ters + batometric
pressute

GENBRAL NOTE: B=Systematic, $p =Spatial, P=Random

NOTHS:

(1) This value is calculatedfrom review of the temperature measurement and calibration system.

(2) If the makeup or-htéwdown streams enter the cold water basin. The systematic uncertainty values for these flow rate

heasurementsiare/unique to the type of flow rate measurement system. The uncertainty in the cold water temperature
ue to makeup or blowdown uncertainty is usually negligible.

(3) Dry-bulb temperatures are measured for natural draft towers, forced draft towers, and wet-dry towers.

(4) This value'is calculated from review of the measurement device.

Table D2 Capability Sensitivity Factors

Capability

Component

Perturbation Increment

Typical Sensitivity Range

Water flow

+5% of test value

Cold water temperature
Hot water temperature
Wet-bulb temperature
Fan power

Barometric pressure

+0.5°F
+1.0°F
+1.0°F

+5% of test value
0.5 in. Hg

1% capability/1% water flow
5-15%/°F

0.5-5.0%/°F

2.0-7.0%/°F

0.33% capability/% fan power
1-2%/in. Hg
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Table D3.3 Calculation of the Cold Water Temperature Uncertainty

Cold Water Temperature Pump 1 Pump 2 Pump 3 Pump 4 Average
Channel, °C 20.00 21.00 22.00 23.00
Temperature, °F 84.63 84.37 84.01 84.15 84.29
Standard deviation 0.21 0.14 0.13 0.13 0.40
Standard deviation? 0.04 0.02 0.02 0.02
Number of statjons (M) = 4
Number of readings per station (N) = 60
Group average standard deviation = 0.079
Time average standard deviation = 0.010
that the|test cold water temperature is impacted, sepa- s, -2t L 2
rate sengitivities for the additional flow rate and temper- Brwssp = 1 FPsder Pride2
ature mpist be calculated and incorporated into the cold Nside VMaa VMsiger
water tgmperature uncertainty.
where
D3.2 Cqmbined Cold Water Systematic Uncertainty BTWB/sp = spatial uncertainty for wet-bulb temjper-
The tgtal cold water systematic uncertainty, in terms agyre ) )
of measfired temperature, is calculated from the combi- Msiger =(Tymber of w.et-bulb instruments onside
nation gf the cold water systematic uncertainty and a T of the cooling tower )
spatial yncertainty. Mgiger= number of wet-bulb instruments onfside
2 of the cooling tower
D3.3 Cqld Water Temperature Standard Deviation Nsge = number of inlet planes evaluated for ppa-
The example in Table D3.3 illustrates the calculation _ tial uncertainty (e.g.,. 2).
of the cpld water uncertainty for a test data set with Sspyqq = spatial standard c.lev1at10n for wet-bulb
the cold] water measured on the discharge side of four temperature for 51de.1 .
pumps. [The group standard deviation (para. 5-12.2)js: e — Spatial standard c.lev1at1on for wet-pulb
temperature for side 2
M
> Stew, The total combined systematic uncertainty in tgrms
Stew = k=1 of wet-bulb temperature is calculated from:
M

and standard deviation of the time-ayerage is:

___  STew

W\/=—\/ﬁ

D3.4 Injet Wet-Bulb or Dry-Bulb Temperature
Systematic Uncertainty

For eifher the inlet wet-bulb or dry-bulb temperatures,
a calibrptionsand instrument systematic uncertainty
Brwg,cal o Value of 0.28°F is assumed, based on a tempera-
ture mepsurement system meeting specifications pre-

Brwp = \/ (Brws, cal op)® + (Brws, p)”

The example in Table D3.5 illustrates the calculgtion
of the wet-bulb temperature for a counter flow codling
tower with closed end walls and seven wet-bulb ingtru-
ments on each side of the cooling tower.

D.3.6 Wet-Bulb or Dry-Bulb Temperature Random
Uncertainty

The example in Table D3.6 illustrates the calculgtion
of wet-bulb temperature random uncertainty. For|this

viously described (Br = 0.020°F) and a standard wet-
bulb/dry-bulb instrument as defined in para. 4-4.

D3.5 Spatial Uncertainty

For any cooling tower, spatial systematic uncertainty
may be calculated by the formulas previously provided,
when based on the entire array of wet-bulb or dry-bulb
instruments. Alternately, for a rectangular tower with air
inlets on two sides, the spatial uncertainty is calculated
according to the following formula:

50

C/\alllf/}c, t}lc VVCt luu}]u tcluycLatuLc wdo lllCClDbllCd \Iith
14 instruments. Seven instruments were suspended on
two sides of the cooling tower.

The group standard deviation (para. 5-12.2) is:

M
2 S%'WBk
k=1

M

STwg = = 0.185, 0.126

for Side 1 and Side 2, respectively, and the standard
deviation of the time average is:
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Table D3.5 Calculation of the Inlet Wet-Bulb Temperature Uncertainty

Side 1
Channel 42W 43W 44W ow 1w 2W 3W
Temperature (°F) 74.85 75.08 76.24 75.40 75.50 75.17 73.75
Side 2
Channel 28W 29W 40W 41W 5W 6W 7W AVG
Temperature (°F) 74.97 74.53 74.68 74.81 74.82 74.88 74.80 74.96
Calibration and Calibration and operation 0,283
operation (assumed)
Spatial uncertainty Number of sides 2
Side 1 Side 2
Number of stations per side 7 7
Sample standard deviation 0.75 014
(average station readings)

Spatial systematic uncertainty 0.57 0.11
Combined wet-bulb spatial uncertainty 0.290
Combined wet-bulb systematic uncertainty 01405

Table D3.6 Calculation of Wet-Bulb‘Temperature Random Uncertainty

for[Side 1 and Side 2, respectively.
The total‘eombined random uncertainty in terms of

Side 1
Channel 42W 43W 44W ow 1w 2W 3W
Temp. (°F) 74.85 75.08 76.24 75.40 75.50 75.17 73.75
Std. dev. 0.35 0.32 0:35 0.66 0.63 0.57 0.43 Total std.2
Std. dev.? 0.12 0.10 0.12 0.44 0.40 0.32 0.18 Total 1.68
Side 2
Channel 28W 29W 40W 41W 5W 6W 7W Average
Temp. (°F) 74.97 74.53 74.68 74.81 74.82 74.88 74.80 75.14
Std. dev. 0.32 0.31 0.31 0.32 0.35 0.35 0.38
Std. dev.? 0.10 0.09 0.10 0.10 0.12 0.12 0.14 Total 0.78
= ~ STWE 0.024. 0.016 flow weighting, the sensitivity of the calculgted hot
TWB.=~8 — — Y. y Y-
/ﬁ water temperature to the water flow measurements must

be determined.

D3.8 Hot Water Temperature Standard Deviatjon

wetibulb temperature is calculated from: Hot water temperature standard deviation [s calcu-
1 lated in the same manner as the inlet wet-bulb and cold
pal Pal— 2 Pal— 2 a-ador 1 3
STE = N Vo TWE side,) T (OB sde) — 01T WateT teIMperature Standard deviations:
siaes

D3.7 Hot Water Temperature Systematic Uncertainty

If the hot water temperature is well mixed at the tower,
spatial bias may be ignored. Systematic uncertainty is
then solely due to the calibration accuracy of the thermal
sensors. If the temperature is not well mixed and the
hot water is measured in multiple locations, the hot
water temperature is calculated by flow weighting the
individual temperature measurements. For tests with

51

D4 TEST WATER FLOW RATE UNCERTAINTY

When measured by a Pitot tube equipped with an air-
over-water manometer, water flow rate is calculated by
the formula:

Q=A-V

where
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average velocities spanning the range typically experi-
enced in field measurements. Significant systematic
uncertainties include:
(a) uncertainty of the reference device
(b) spatial uncertainty at the measurement location
(c) variation of the Pitot tube coefficient with velocity
The Pitot tube is calibrated by traversing a pipe with
the subject pitot tube, while the flow rate through the

pipp is determined bv a laboratory standard The aver-

A = cross-sectional area of the pipe
Q = water flow rate
V = average velocity at each of the measurement
stations corrected for blockage of the cross-sec-
tional area
and
M
20
v =
M
where
M =|number of measurement stations

The velocity (in IP units) at each of the measurement

stations|is calculated from the following formula:
V: o (Defi /12 -[2-32.2])° - (A - Block; / 144)/A - C,
where
Block;| = blockage at the measurement station i,
equivalent to the cross sectional area of the
Pitot tube in the pipe at the insertion
point, in.?
C,| = coefficient of the Pitot tube
Def;| = manometer deflection, in.
Q| = water flow rate, gpm

The afea of the pipe at the traverse location is deter-
mined Hy:

™

— 2
A= 4-144D

(1) When the differential pressure is measured by an
air-overfwater manometer, the Pitot traverse consists of
at least PO points, and the average yelocity is at least 3
ft/sec, the following uncertainties are’considered negli-
gible:

(1)
manomjg

2)

3)

(b) TH
lated:

(1) |calibnation uncertainty-determination of the
pitot tulpe ‘\coefficient

random uncertainty,due to variations in the
ter deflection

manometer redding uncertainty

blockage uncertainty

e following Systematic uncertainties are calcu-

age velocity at the traverse section is determified by
dividing the flow rate as measured by the standargl by
the area of the pipe, which has been determined by

coéfficient.

The systematic uncertainty in the calibration of a
tube is due to the uncertainty in the standard us
determine the calibration flow rate and the variaHili
in the calculated Pitot coefficient at different velocities.
The laboratory performing the calibration of the Pitot
in this example used a flow standard with an uncertdinty
of 0.74%. The Pitot taps at this facility are located 15
diameters downstream from the nearest flow digtur-
bance. Even at this location, significant variation ekists
between the average velocity calculated for each radius.
Review of several calibration reports reveals a sphtial
uncertainty of 1.5% within the pipe during the calipra-
tion traverses. Thus the uncertainty in the Pitot cdeffi-
cient attributable to the calibration laboratory may be
calculated by:

Be cal = \/(B'Cp, oV +(Bec, o) = J/0.00742 + 0.015

(2) pipe diameter measurement

(3) spatial uncertainty for the average velocity
The calculation of each of these uncertainties is detailed
in the paragraphs that follow.

D4.1 Calibration Uncertainty Example

Pitot tubes are calibrated by traversing a pipe to deter-
mine the apparent velocity while measuring the volu-
metric flow rate with a reference device. Pitot tubes are
calibrated at two or more flow rates, which will yield

52

= 0.017
where
B'cp, Q, = systematic uncertainty of the calibration
flow rate standard, fraction of flow
B’Cp, s» = spatial uncertainty in the calibration flow

rate traverses, fraction of flow

Because the Pitot tube coefficient changes with Reyn-
olds number (velocity), there is an uncertainty associ-
ated with the average Pitot coefficient that is a function
of the variability of the coefficient with velocity. At each
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calibration flow, the velocity at an individual measure-
ment station may vary by up to 2 ft/sec from the average
value. There is no way to actually calculate the flow
dependence of the coefficient with velocity. Rather, the
difference in the coefficient as determined at each of the
average velocities is used as an estimate of the system-
atic uncertainty, due to variation of the actual Pitot tube
coefficient with velocity. For the Pitot tube used in this
test, the average coefficient determined from two

ASME PTC 23-2003

symmetrical across the measurement plane. The calcu-
lated water flow rate was 177,582 gpm. The average
velocity of the radial traverses were:

Vel (fps) V1 V2 V3 V4

10.49 10.02 10.42 9.71

Substituting the average value of 10.16 ft/sec into the
above equations yields:

bounhding average velocities was 0.810. The coefficients
at efich of the bounding velocities were 0.807 and 0.813.
Theluncertainty in the average coefficient due to variabil-
ity n the bounding coefficients is calculated by:

(Cov1 = Cova)  (0.813 — 0.807)

B'eyv = C o = 0810 = 0.007
whgre
C,v1 = coefficient calculated at the average velocity
of the first calibration point V;
2 = coefficient calculated at the average velocity
of the second calibration point V,
D4.2 Total Pitot Tube Calibration Systematic

Uncertainty

The total pitot tube coefficient systematic uncertainty

on g relative basis is calculated by:
Bt = /(B w)f+ (Bc,v)? = J0.0172 + 0.007 = 0018
P P 4
The total Pitot tube coefficient systematic uncertainty

brms of flow rate may then be calculated.by:

BCP = 0.018 - 0.810 =_0:0148

D4.

The sensitivity of the meastured flow rate to the Pitot
tub¢ coefficient is:

B Sensitivity of Flow to Pitet Coefficient

R-R_Q
»~ 8, C,

D4.4 Systematic Uncertainty in the Measurement of

the Pipe Diameter

Wherrthe pipe diameter is determined by the methods

69 = 4,203 gpm/ft

D4.5 Velocity Spatial Systematic Uncertainty

D4.5.1 Velocity Spatial Systematic Uncentainty —
Radial Approach. Spatial uncertainties occur fjom lim-
ited measurements across the measurement plafe to cal-
culate the average velocity. ‘This method assufnes that
the velocity profile in theipe should be unifgrm on a
radial basis. This is pften a fairly good assumiption in
flow measurement;locations in long straighf runs of
pipe. From PTCX19.1-1998, spatial biases (in ferms of
velocity) forthe-water flow rate measurement jwithin a
single pipemay be calculated according to the fpllowing
formulat

2- Svrad
BV, sp =
Nrad
where
N..q = number of radial traverses, 4
Sv_, = standard deviations of the average radial
velocity
Viwaa = average velocity of each of the rafdial tra-

verses, ft/sec

For the preceding example, the standard devjiation of
the average radial velocity Sy would be 0.37 ftfsec. The
spatial uncertainty in the average velocity wotild be:

2-0.37

i

BQ sp = 0V BV sp ft/SEC

By g = = 0.37 ft/sec

6 = ‘;—8_/1 748 - 60 = 17,302 gpm

described in para. 4-2.1(b), the uncertainty in the pipe
diameter is considered to be 0.125 in. The sensitivity of
the flow to the pipe diameter is:

Q
Q = &
% =%

2-1I-D-3
=2 1m 7.48 - 60

In the following example, the water flow rate was
measured in a single conduit with a 84.5-in. internal
diameter. The Pitot taps were installed in the main hot
water supply conduit but the velocity profile was not

53

Based on the radial traverse approach, spatial uncer-
tainty for this example equals:

BY = 17,302 - 0.37 = 6,325 gpm

D4.5.2 Velocity Spatial Systematic Uncertainty —
Random Approach. Alternatively, the spatial uncertainty
in the water flow may be calculated as if each of the
measurement stations is independent from the others
and that the overall profile is randomly distributed
about a single point. This method is suited for locations
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with a skewed velocity profile. Spatial uncertainty (in
terms of velocity) for the water flow rate measurement
within a single pipe can be calculated according to the
following formula:

NONMANDATORY APPENDIX D

D5 TEST FAN BRAKE HORSEPOWER

The test fan brake horsepower is calculated from the
input motor power and the motor efficiency by:

kWI * M
By g = —2% Sl HP = 5748
MStat
where
/ N%‘w‘ T kW; = motor power measured at the input to the fan
= motor
5v = Msea 1 M, = fan motor efficiency
where There is no measurement uncertainty associated fvith
M| = number of measurement stations, typically ~ Mmotor ?fficier.lcy. The sensitivity of the fan-power tq the
either 20 or 40 motor Input 1s:
Vi| = time averageq velocity at each of the mea- g, _ P,
surement stations, ft/sec W, = W7 0746
The vglocity profile at most measurement location§ is When the fan motor input'power is measured dir¢ctly
skewed |because of upstream disturbances. If the Pitot  yyith a Wattmeter, the fan input power is calculated by:
location|is less than 15 pipe diameters downstream of
the nearpst disturbance, the alternative calculation based KW, = kW, En
on randpmly distributed velocities should be used. " Eop

For the previously provided flow rate example, the
standardl deviation of the 40 point velocities was 0.622
ft/sec. I terms of the water flow rate, the spatial uncer-
tainty cglculated for the random distribution of point
velocitigs in the pipe would be calculated by:

7, = % = 0197 ft/sec
10
63 = 2 = 4748 60 = 17302 gpm

Bg o = 0% - By, 4 ft/sec
BY = 17,302 - 0.197 = 3405 gpm

Therefore, spatial uncertainty)calculated by the ran-
domly dlistributed value will be used because it is a
lower vglue and a betteryepresentation than the radially
distribufed value.

D4.6 Cqmbined{Test Flow Rate Systematic
Uncertainty

The cpmbined systematic uncertainty for the flow

The ratierof the voltage at the motor E,, to the 1pea-
sured voltage E,, is very close to 1 since their differpnce
represents the voltage drop between the measurerhent
station and the motor terminals. Therefore,

kW, _
6 w. = 1
ob
and
Biw, = Biw,
ob

When the fan motor power is calculated by measufring
the voltage, current, and power factor,

kW[ \/3_PF EmIob

where
PF = power factor

The following example illustrates the calculatiop of
the test fan power. The average fan power for the codling
tower is computed by

measurement 1n terms oOr the test IIOwW 1S calculated Dy:
v
Bo = [(68 Bc)’ + (63 Bo)’ + (65 By, )]
For this example:
By = [(219,237 - 0.0148)* + (4,203 - 0.125)* +

Y

(17,302 - 0.197)]
= 4,736 gpm

54

M
> kW
KW = i=1
where
kW, = average input fan motor power, kW
kW; = input fan motor power for fan i, kW
M = number of fans, 12
Therefore,
S W1
W, T SW, T M
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Table D5-1 Sample Uncertainty Summary for
Each Power Measurement Device

Uncertainty % Parameter

Parameter Full Scale of Full Scale Uncertainty
Power factor 1.0 1.0 0.01
Potential 4,000 volts 0.2 8.0 volts
Current 50 2.0 1.0 amps

ASME PTC 23-2003

Table D5-2 includes a partial summary of fan motor
power measurement for a 12-fan cooling tower. The table
illustrates the uncertainty of the measurements and the
sensitivities of the calculated fan power to the voltage,
amperage, and power factor measurements that were
made with panel instruments in the motor control center.

The average fan motor power systematic uncertainty
is 6.26 kW.

The fan power for an individual fan is calculated by:

kW; = J3PFE]
whdre
F; = potential (voltage) for fan motor I, volts
I; = current for fan motor I, amps
PF; = power factor for fan motor i

The sensitivity factors for power factor, potential, and
curgent are:

SkW;
kW — I
pfi - 5Pf1 - \/gEzL
SkW;
kW, — 1 I
oF 5. J3PF;
SkW;
W, = —— = BPFE;
, o,
In this example, the fan current is measured using ctr-
rent| transformers with a ratio of 10:1.

Uncertainty for each power measurement device is
sunjmarized in Table D5-1.

The systematic uncertainty in the cutrent meter
inclpides that of the current transfotmeérs. The uncer-
tainty in the current measuremefit,'was calculated by
multiplying the full scale for the meter by the uncer-
tainky of the meter and the tuthdown ratio for the current
transformers. The 12 fan motors are fed by 2 busses with
a vgltmeter on each bads.

Ehch of the voltmeéters were of the same type, manu-
factured to the same tolerances as were the current
meters and the power factor meters. Each type of meter
wasj used in‘the same portion of its range. This analysis
assymed sthat the uncertainties between the types of
instrument were uncorrelated but that the uncertainties
in

| Qing]p type of instrument are taotallyv correlated

D6 SENSITIVITY FACTORS

Table D6 illustrates the calculation ofj the sgnsitivity
of the test capability to each test parameter. The table
lists the average test parameter used|to calculat¢ the test
capability, the amount that the\tést value is ¢hanged,
and the corresponding capabilities when the dhange is
added and subtracted to¢the test value.

D7 COMBINED TEST UNCERTAINTY

The combined systematic uncertainty is calcujated by:
Beap = WOGY Brvp)” + (05 Brew)® + (04p" Bru

v
(05 Bep)” + (6%pBo)* (6épBrp)*] 2

) +

The total systematic uncertainty for the test whs calcu-
lated to be 4.32%.

The total standard deviation for the test
lated by:

s calcu-

Sap = [(OTSrun)? + (051"l + (0" Sraf?]
The total standard deviation for the test was calcu-
lated to be 0.20%.

Table D7 summarizes each of the test paramieter sys-
tematic and standard deviation components| for this
example, which are used to calculate the total syjstematic
and random uncertainties in terms of tower cdpability.

Finally, the overall total systematic and randofn uncer-
tainty components are combined to yield the ungertainty
in the tower capability according to the following
equation:

2
(%) +0.15 = 4.33%

Therefore, the overall systematic uncertainty in the fan
power for a single fan motor is calculated by:

v
Biw, = [('9]1%{’ Bpr)’ + (0??/,3}5)2 + (alfiw’ B)*]>

The overall systematic uncertainty in the average fan
power is calculated by:

1
M ;

Mz

. By,

By,
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D8 ADDITIONAL UNCERTAINTY EXAMPLE:
PARTIALLY CORRELATED SYSTEMATIC
UNCERTAINTY — MULTIPLE FLOW
MEASUREMENTS BY PITOT TRAVERSE

In a cooling tower test, flow was measured in two
different inlet pipes by conducting 20-point Pitot tra-
verses on each of two perpendicular diameters. Table
D8 summarizes the results of the flow uncertainty for
each pipe.
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Table D5-2 Fan Motor Power Systematic Uncertainty

NONMANDATORY APPENDIX D

Fan number 1 2 3 4 5
Voltage 4,247 .4 4,247 .4 4,247 .4 4,247 .4 4,247 .4
Power factor (PF) 0.805 0.805 0.805 0.805 0.805
Amps 27.72 27.16 28.28 25.79 26.87
Watts 164,173 160,850 167,489 152,749 159,156
Voltage systematic uncertainty 0.20% 0.20% 0.20% 0.20% 0.20%
(% of FS)
Full scale |(voltage) 4,000 4,000 4,000 4,000 %,0p0
Voltage systematic uncertainty (V) 8 8 8 8 8
Sensitivity of input kW to V 0.0387 0.0379 0.0394 0.0360 0.0375
kW uncertpinty due to V 0.31 0.30 0.32 0.29 0.0
Amperage
Amperage| systematic uncertainty
(% of full fscale) 2.00% 2.00% 2.00% 2.00% 2.00%
Full scale [@mp) 5 5 5 5 5
Turn dowr| ratio 10 10 10 10 1
Amperage| systematic uncertainty (l) 1 1 1 1 1
Sensitivity of input kW to | 5.9 5.9 509 5.9 5.p
kW uncertpinty due to | 5.92 5.92 5.92 5.92 5.92
Power Fadtor
Power facfor uncertainty 1.00% 1.00% 1.00% 1.00% 1.00%
Sensitivity of input kW to PF 203.9 199.8 208.1 189.7 194.7
kW uncertpinty due to PF 2.04 2.00 2.08 1.90 1.98
kW Systemhatic Uncertainty 6.271 6:257 6.285 6.225 6.2p1
Result: The average fan motor systematic uncertainty is 6.26 kW.
Table D6 Calculation of the Sensitivity of the Test Capability
Average Capacity, Capacity,

Parameter Vatue Change * High Low Sensitivity

Inlet WB (°F) 74.96 1.00 110.93 99.82 5.56

Hot water (°F) 98.57 0.50 106.86 103.11 3.75

Cold water (°F) 84.29 0.50 99.34 111.16 -11.82

Water flow (gpm) 177,582.00 1,776.00 105.93 103.83 5.913E-04

Fan motor (kW) 158.64 5.00 103.80 106.00 -0.22

Bar presstre=(in. Hg) 30.00 0.20 105.12 104.64 1.20

Capability 104.88

Table D7 Test Parameter Systematic and Standard Deviation Components

Capability Capability
Total Standard Systematic Standard
Parameter Spatial Systematic Deviation Sensitivity Uncertainty Deviation
Inlet WB (°F) 0.29 0.41 0.01 5.56 2.25 0.08
Hot water (°F) 0.00 0.16 0.01 3.75 0.60 0.03
Cold water (°F) 0.00 0.16 0.01 -11.82 -1.89 -0.12
Water flow (gpm) 3,405 4,736 5.913E-04 2.78
Fan motor (kW) 6.26 -0.22 -1.38
Bar pressure (in. Hg) 0.10 1.20 0.12 e
TOTAL 4.32 0.15
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Table D8 Flow Systematic Uncertainty

sury

the

B
tubd
pipg
con
the
tion
nati

Parameter Units Variable Pipe 1 Pipe 2
Flow gpm Qootal 105,732 106,435
Coefficient uncertainty gpm Bg 1,935 1,948
Diameter uncertainty gpm ng 678 673
Spatial uncertainty gpm ng 3,538 4,773
Total uncertainty gpm Ba 4,089 5.199
Sensitivity coefficient 98,,”,,, 1 1

Total

Flow gpm Qtotal 212,511
Covariance term gpm? Bo,q, 4,240,939
Uncertainty gpm Bq 6,930

he total flow to the cooling tower was computed by
iming the flow for both pipes.

Qtotal = Q1+ Qo

he sensitivity coefficients relating the total flow to
flow in each pipe are
Quur = Qo = 2ol _
QQ«IH = QQ;H 5Q1 1

bth measurements were made using the same Pitof
. The same methods were used to determine.the
diameter for both pipes. The piping and Ritot tap
igurations were sufficiently different to indicate that
spatial distribution of the velocity at the\Pitot loca-
s were uncorrelated. This was confirined by exami-
pn of the flow profile. It was decided to treat the

systiematic uncertainties for the Piteftube coefficient and

the

unc

trea
U
the

determination of the pipe~diameter as correlated
briainties (e.g., uncertainties-arising from the same

source). The spatial systematic uncertainties were

ed as uncorrelated/tiricertainties.
sing the methods.described in PTC 19.1, Section 8§,
total uncertairity-is calculated by:

1

7,
= [( 08;0[;11 BQ])2 + (Qgtzmal BQ2)2 + 2081;;&::1 08;0[;11 BQ1Q2] 2

total

he-covariance term is calculated by:

Boor= B% B% + BY B

The covariance\term is:

BQ1Qz =~15935 - 1,948 + 678 - 673 = 4,225,674 ¢

The total systematic uncertainty is:

[(1-4,089%*+(1-51992+2-1-1-423
7,225 gpm

BQmml

This represents 3.4% of the total flow
212,167 gpm.

pm

439]"

rate of

If the systematic uncertainties had been totally corre-

lated, the flow rate uncertainty would have bg

Q, Q,
BQmtal 0Q§oml BQ1 + thzoml BQ2

Bo,,, = 1-4089 +1-5199 = 9,298 gpm

or 4.4% of the total flow.

The spatial uncertainty is by far the most si
contributor to the systematic uncertainty of
measurement in this example. When the flow
mined by multiple measurements and the spati
tainties are uncorrelated, the calculated uncer

en:

bnificant
he flow
is deter-
hl uncer-
ainty of

the flow measurement is significantly reducedl by the

consideration of partial correlation.
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NONMANDATORY APPENDIX E
SAMPLE CALCULATION FOR MECHANICAL DRAFT TOWERS

|

The foHewing—sample-calentations-are—trpieatiyused
to evalufite the data of a mechanical draft cooling tower,
using p¢rformance curves submitted by the manufac-
turer in [accordance with para. 3-9.

E1 MECHANICAL DRAFT TOWER CAPABILITY

Table |E1-1 presents the design conditions and a set
of test cpnditions for a particular tower. The procedure
for calcylation of thermal capability is described in para.
5-10.2.

The test data are compared to the requirements of
paras. 315, 3-6, 3-7, and 3-8 to ensure that the data meet
the requirements stated therein.

(a) Dg¢termine the fan power at design air density (see
para. 5-§) for calculation of adjusted test water rate. The
test fan [power has been adjusted for nameplate motor
efficienqy and power factor according to para. 5-8. The
tower njanufacturer shall also have provided some or
all of thp following information:

(1) |design exit air density, Ibm/ft’

(2) |design exit air temperature, °F

(3) |design liquid-gas ratio, L/G

(4) |design air rate, acfm
If desigh exit air temperature is provided, the-air is
assumed to be saturated.

Correpponding values of specific volume and specific
humidity may be obtained from psychrometric tables
or curvgs; either the design acfm or"design L/G may be
calculat¢d depending on whichs provided.

If the[design air density is(provided along with the
design dxit air temperatureSthe design L/G or acfm may
be calcullated by using the\tables.

If the[design L/G is-provided, the exit air conditions
may be falculated by-using the tables.

@aw - Tew) = (G) (he = hin)
he = (L/G) (Tuw — Tew) + hiy

he = (1.173) (17) + 43.69
63.63 Btu/lbm dry air
= 43.69 Btu/lbm dry air at 80°F (fromvtable

=
<
|
2
~

Corresponding data (from tables):
Exit air temperature, Tyyp (saturated) = 95.2°F

air-vapor mixture, ft]
dry air, Ib

Specific volume (V;,) 14813

Humidity ratio (H,/H;,) = 0.0370 Ib water/Ib dry ai

Bosl it air densit _1.0370
esign exit air density, p, = 7o
air-vapor mixture, Ib

= 007001 S or mixture, 6

Since q; = (G)(Vy,) and L/G = (Qp)(8.33)/G, the

-

L/G

where
gq (at design)
g4 (at design)

(60,000) (8.33) (14.813)/1.173
6,311,626 acfm

Calculate exit air conditions at test:
he = (L/G)(Tuw — Tew) + hin
Since G = 4;/V;, and L = (Qr) (8.33), then
he = (Qr)(8-33)(Vaa/9)(Trw = Tew) + hin

Determine the test air rate by using the following
relationship:

Table E1-1 Design and Test Conditions

Design Conditions Test Conditions

Hot water temperature 104.0°F 96.2°F

Cold water temperature 87.0°F 82.3°F
Wet-bulb temperature 80.0°F 74.2°F
Cooling range 17.0°F 13.9°F
Circulating water rate 60,000 gpm 63,950 gpm
Fan power (per fan) 100 BHP 94.1 BHP
Liquid-gas ratio (L/G) 1.173

qi/4a = (HP, / HPy)"

g = g4 (HP, / HPy)"
hiy = 37.85 Btu/lbm dry air at 74.2°F (from tables)

h (63950)(8. 33)(13.9)0u) o

(6,311,626)(94.1/100)"
B, = 1.197 V, + 37.85

Calculate the test exit air properties next, using the
above relationship.
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Table E1-2 Test Exit Air Properties

ASME PTC 23-2003

Specific Volume, Calculated Exit

Corresponding

Assumed Exit Air Vaas ft> Air-Vapor

Humidity Ratio,

Air Enthalpy, he, Exit Air

Temperature, °F Mixture/lb Dry Air b Water/lb Dry Air Btu/lb Dry Air Temperature, °F
85.00 14.308 0.02642 54.98 89.31
89.31 14.511 0.03048 55.22 89.48
89.48 14.520 0.03065 55.23 89.49

sume an exit air temperature somewhere between
the hot and cold water temperature, obtain the corres-
ponding specific volume (and humidity ratio) from psy-
chrgmetric tables, and calculate the air exit enthalpy.
Compare the corresponding temperature from the tables
witlh the assumed air temperature. Repeat this procedure
until the assumed temperature and the calculated tem-

perature are equal, as shown in Table E1-2.
Tes| exit air density, p, = 1.03065/14.520 (at 89.49°F)

g0 = 0.07098 air-vapor mixture, Ib

air-vapor mixture, ft’

Since fan power varies directly with air density for a
congtant system (constant volume) at constant fan speed
and| constant blade pitch angle, the test fan power is
cortected for the difference between the design air den-
sity|and the test air density as follows:

Corglected test fan power = (0.07001/0.07098) (94.1) = 92,81
HP,

(Y Determine the adjusted test water rate according
to para. 5-2.2.

Design Fan Power = 100\HP;

Corrected test fan powery= 92.81 HP,

(63,950)(100/92.81)"
65,560 gpm

Adjusted test water rate

(@ Determine tower capability from manufacturer’s
performance curves. The manufacturer will have sub-
mitfed perfermance curves A through C at 90%, 100%
and| 110%,.0f design flow (see Figs. E1-1 through E1-3).

(d) Construct a cross plot no. 1 (Fig. E1 4) from the
mar} f b i
range against cold water temperature at the test wet-
bulb temperature (74.2°F). The following predicted cold
water temperatures were obtained from cross plot no.
1 at the test cooling range of 13.9°F (see Table E1-3).

(e) Construct test cross plot no. 2 (see Fig. E1-5) by
plotting water rates against the cold water temperatures
shown in Table E1-2.

(f) The predicted test water rate is obtained from test
cross plot no. 2 by entering the curve at the test cold
water temperature (82.3°F).

59

Predicted test water rate = 63,280 gpm

Adjusted test wate

Prediéted-test wate]
65560

~ 53,280

=4.036 (103.6%)

rate
rate

Tower thermal capability =

See also Table E1-3:

E2 PREDICTED TEST COLD WATER TEMPERATURE

The predicted test cold temperature at the tept condi-
tions ds;obtained from test cross plot no. 2 by fentering
the ‘ctirve at the adjusted test water rate (65,50 gpm).

Predicted test cold water temperature = 82.6P°F
Actual test cold water temperature = 82.3°F
Deviation = 82.30°F - 82.62°F = —0.3p°F

E3 PREDICTED DESIGN COLD WATER
TEMPERATURE

Construct design cross plot no. 3 (see Fig. E3)) at 17°F
cooling range and 80°F wet-bulb temperature by directly
reading the cold water temperatures at the thrpe water
rates of the manufacturer’s curves A through C (see
Figs. E1-1 through E1-3). No intermediate cfjoss plot
(such as cross plot no. 1) is necessary for the design
cross plot since no interpolation is required 4t design
conditions. In Table E3, the predicted cold watertemper-
atures at the respective water rates are the basis for
design cross plot no. 3.

The predicted cold water temperature at thp design
cooling range, wet-bulb temperature, and watpr based
on the tested thermal capability is obtained by entering
design cross plot no. 3 at a test-compensated water rate.
This test-compensated water rate is simply the ratio of
the design water rate to the test capability.

Test-compensated water rate = (60,000/1.036)

= 57,915 gpm
Predicted design cold water temperature = 86.75°F
Design cold water temperature = 87.00°F
Deviation = 86.75°F — 87.0°F = —0.25°F
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Fig. E1-2 Manufacturer’s Performance Curve B
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Table E1-3 Predicted Cold Water Temperatures
Cross Plot 1

% Design Cold Water
Water Rate Water Rate, gpm Temperature, °F
90 54,000 81.00
100 60,000 81.85
110 66,000 82.70

Table E3 Predicted Cold Water Temperatures
Cross Plot 3

% Design Cold Water
Water Rate Water Rate, gpm Temperature, °F
90 54,000 86.20
100 60,000 87.00
110 66,000 88.00

B5

B4

Predicted test,CW temperature (82.6°F) at adjusted test water
rate (65,560 gpm)

L
°. B3
g <
© —
(]
g Test curve at test range and wet-bulh L — /l
(7} 32
2
— /
3 L —
S ] Test CW temperature
5 L— (82.3°F)
S Bl
Predicted flow (63,280 gpm)
at test CW temperature
B0
9

54 55 56 57 58 59 60 61 62 63 64 65 66 67 48
Circulating Water Rate, gpm X 1,000

Fig. E1-5 Test Cross Plot No. 2
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89
88
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1.3)_ LES-COTMMPeETSdiced Water rate
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b / _—
£
D | _—
86
Test-compensated water rate (57,915 gpm)
85
54 55 56 57 58 59 60 61 62 63 64 65 66

Circulating Water Rate, gpm x€1,000

Fig. E3 Design Cross, Plot No. 3
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SAMPLE CALCULATION FOR NATURAL DRAFT TOWERS

The fyHeowirssampleeddertationsaretppteatytsed ForridityeteochHowrateond—roree:
3 P ypieary ¥ 3
to evaldate the data of a natural draft cooling tower,  Step 2. First Cross Plot. For each flow rate, prepdre a
using p¢rformance curves submitted by the manufac- cross plot of cold water temperature as-a flinc-
turer injaccordance with para. 3-9. tion of the relative humidity, with the codling
range as a parameter (see Figs. F2-1 thrqugh
F2-3).
F1  NATURAL DRAFT TOWER CAPABILITY Step 3. Second Cross Plot. Using, these new cuives,
Table [F1 presents the design conditions and a set of enter each curve at thédest relative humidity
test condlitions for a particular tower. The procedure for (60.42%) and deterntifie the cold water temjper-
calculatjon of thermal capability is described in para. ature for each flow rate and range.
5-10. Next, for each-flew rate, develop a cross [plot
The manufacturer has submitted performance curves of the cold Water temperature as a functiqn of
presentihg cold water temperature as a function of the the cooling-range (see Fig. F2-4).
ambienf air dry-bulb temperature with the relative ~ Step 4. Third-€ross Plot. Enter Fig. F2-4 at the|test
humiditly of the ambient air as a parameter (see Figs. range (13.14°F) and determine the cold water
F1-1 thrpugh F1-9). Figs. F1-1 to F1-3 correspond to 90% temperature for each of the three flow rafes.
of desigh water circulating rate; Figs. F1-4 to F1-6 corre- Next, cross plot the water flow rate as a flinc-
spond tp 100% of design water circulating rate; and tion of the cold water temperature. See|Fig.
Figs. F117 to F1-9 correspond to 110% of design water F2-5).
circulatihg rate. Step 5. Determine Predicted Flow Rate. Enter Fig| F2-
5 at the measured cold water temperafure
(68.90°F) and from the intersection with| the
F2 EVALUATING TOWER PERFORMANCE curve, determine the predicted water flow|rate
CAPABILITY at the test cold water temperature as 342,224
Follow these six steps to evaluate tower performance gpm. . . .
capabilify. Step 6. Determm'e Cpollng Tower Capablhty. U;l.ng
Step 1. | Determine the predicted cold~water tempera- the equation in para. 5-10.3.1, fmd. the codling
tures. Using the nine performance curves, three tower thermal performance capability as:
for each of the three water circulation rates, % Capability = (353,430 gpm /342,224 gpm) x| 100

enter the curves at thietest dry-bulb tempera-
ture (56.12°F) and| determine the cold water
temperature for<60%, 80%, and 100% relative

See also Tables F2-1, F2-2, and F2-3.

= 103.3%

TableF1—Nat LDraft Cooli T Desi | Test Dat
Design Conditions Test Conditions
Circulating water flow 378,000 gpm 353,430 gpm
Hot water temperature 91.0°F 82.04°F
Cold water temperature 77.7°F 68.90°F
Cooling range 13.3°F 13.14°F
Wet-bulb temperature 60.8°F 49.11°F
Dry-bulb temperature 64.8°F 56.12°F
Barometric pressure 29.921 in. Hg 30.570 in. Hg
Relative humidity 79.955% 60.425%
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Dry Bulb = 56.12°F, Water Flow Rate = 415,800 gpm (110%)
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Water Flow Rate, gpm

Fig. F2-5 Cross Plot No. 3

Dry Bulb = 56.12°F, Humidity = 60.42%, Range = 13.14°F
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Cooling Range, °F
Fig. F2-4 Cross Plot)No. 2
Dry Bulb = 56.12°F, Relative-Humidity = 60.42%
70.5
70.0
&
o
S
© |69.5
)
£
@ Test(cold water = 68.90°F
k3
£ [69.0
o
°
(W]
Predicted
68.5 water flow rate =
342,224 gpm
68.0
330,000 340,000 350,000 360,000 370,000 380,000
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Table F2-1 Predicted Cold Water Temperatures

NONMANDATORY APPENDIX F

Table F2-3 Predicted Cold Water Temperatures

Flow Range 60% 80% 100%
12.0°F 68.44°F 69.97°F 71.51°F 90% 100% 110%
13.3°F 68.83°F 70.36°F 71.90°F 68.81°F 70.45°F 71.89°F
90% 14.6°F 69.07°F 70.60°F 72.13°F
12.0°F 70.00°F 71.49°F 73.00°F GENERAL NOTE: 56.12°F is the entering dry-bulb temperature,
13.3°F 70.48°F 71.97°F 73.45°F 60.42% is the relative humidity, and 13.14°F is the range.
100% 14.6°F 70.80°F 72.30°F 73.81°F
12.0°F 71.48°F 73.01°F 74.53°F
13.3°F 71.91°F 73.43°F 74.95°F
110% 14.6°F 72.34°F 73.82°F 75.32°F
GENERAL NOTE: 56.12°F is the entering dry-bulb temperature.
Table|F2-2 Predicted Cold Water Temperatures
Flow
Range, °F 90% 100% 110%
12.0 68.47°F 70.03°F 71.52°F
13.3 68.86°F 70.51°F 71.95°F
14.6 69.10°F 70.84°F 72.37°F
GENERAL NOTE: 56.12°F is the entering dry-bulb temperature and
60.42% i the relative humidity.
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NONMANDATORY APPENDIX G
SAMPLE CALCULATION FOR PLUME COMPLIANCE

be Table GI.

Design Test
r flow, 1/s 1100.0 1100.0
water (Tyw), °C 25.0 24.5
water (Tcw), °C 15.0 145
ing range (R), °C 10.0 10.0
ind dry-bulb (Tpg,), °C 5.0 7.0
ind wet-bulb (Twg,), °C 43 34
ind relative humidity 90.0 53.5
{V)r %o
dry-bulb (Tpg;), °C 5.0 7.1
wet-bulb (Twg;), °C 43 3.6
relative humidity (Rhjy,), % 90.0 54.9
Imetric pressure (HB), kPa 101.3 100.6
visible plume yes

brrection of the Relative Humidity by Barometric Pressure
prrected upwind air relative humidity:

1, = 53.5-101.3/100.6 = 53.87%

prrected inlet air relative humidity:

;. = 54.9 - 101.3/100.6 = 55.28%

prrected exhaust air relative humidity:

1, = 78.09 - 101.3/100.6 = 78.63%

PLUME ABATEMENT GUARANTEE 'CURVE
(EXHAUST AIR CHARACTERISTICS CURVES)

e Fig. G2.

TEST INTERPRETATION (EXHAUST AIR
CHARACTERISTFICS CURVES)

| Drawing the)Measured Plume Dilution Line

n the psychrometric diagram, locate (per G3.3)
pwind.air conditions:

B _=77.0°C Rh = 53.87%

O
U
D
E

it\air conditions:

Guarantee exhaust air wet-bulb = 15.79C
Guarantee exhaust air dry-bulb = 17.5%€
Barometric pressure = 101.3 kPa
Guarantee exit air humidity = 83.35%

G3.3 Drawing the GuaranteePlume Dilution

On the psychrometric diagram, locate
Upwind air conditions:
DB = 7.0°C Rh =-58:87%
Exhaust air conditions:
DB = 17.5°C
Rh = 83.35%
Draw a straight line between these two points

G3.4 ‘Calculation of the Equivalent Guarantee
Exhaust Air Relative Humidity

On the psychrometric diagram, draw a line fr
sured point, parallel to the enthalpy line. The cr

Line

bm mea-
ss point

between the above line and the guarantee dilution line

corresponds to 83.6% humidity.

G3.5 Tower Plume Indicator

Measured relative humidity = 78.4%
Equivalent guarantee relative humidity = 8
Tower plume indicator = 100 - 83.6/78.4 =

G3.6 Evaluation of the Air Mixing Quality (Ze
Visible Plume)

Maximum limit of exhaust air relative humi

784 -12 = 94.1%

On the psychrometric diagram, locate the
the enthalpy line passing at the measured p
corresponding to 94.1%. Draw a straight line
above point and the point representing the up
conditions (maximum limit of the dilution ling

The measured points named Y1 and Z1 arg

B.6%
106.6%

ro

dity =
boint on
bint and
between

wind air

).
located

above the maximum limit of the dilution lin

. These

D

B = 18.84°C Rh = 78.63%

Draw a straight line between these two points.

G3.2 Calculation of the Guarantee Relative Humidity

[as in 6-1(c)]

On the performance curves,

Water flow = 1100 1/s

Range = 10°C

Inlet wet-bulb = 3.6°C

Inlet relative humidity (graph conditions) = 55.28%

points are marked “Yes” in the table.

The air velocity V corresponding to these points is:

Y1V =51m/s

Z1V =38m/s

Sum of the concerned points = 8.9 m/s
Sum of all the air velocities = 227.7 m/s
Mixing quality:

MQ = (1-8.9/227.7) - 100 = 96.1%

The mixing quality coefficient is higher than 85%. The

mixing quality criteria is well fulfilled.
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Table G1
Air Characteristics
Exhaust Air Measurements Average WB, DB Calculation
Humidity  Specific
Points, WB, DB, Velocity, Enthalpy, Rating, Volume, Mass, Enthalpy Humidity

L °C °C m/s ki/kg kg/kg m>/kg kg/s.m? Mass Mass
w1 17.7  18.9 3.4 50.2991  0.01234  0.84988 4.00 201.22 0.0494
W2 17.7 19.4 15.1 50.2867 0.01213 0.85106 17.74 892.22 0.2152
w3 17.2  19.6 16.4 48.7255  0.01144  0.85070 19.28 939.34 0.2205
W4 16.1 20.4 14.8 45.3929 0.00980 0.85082 17.39 789.61
W5 16.7  20.6 6.7 47.1776  0.01042  0.85224 7.86 370.89
X1 17.2  18.4 4.5 48.7541  0.01193  0.84788 5.31 258.76
X2 17.0 18.8 14.6 48.1305 0.01153 0.84850 17.21 828.17
X3 17.1  20.2 16.7 48.4039  0.01107  0.85195 19.60 948.82
X4 16.3 20.9 15.4 45.9734 0.00983 0.85231 18.07 830.67
X5 16.6  20.3 7.8 46.8832  0.01043  0.85138 9.16 429.52
Y1 16.4  16.9 5.1 46.3605 0.01160  0.84307 6.05 280.45
Y2 16.1 17.4 13.9 45.4584 0.01104 0.84378 16.47 748.86
Y3 15.5 17.2 15.7 43.7124 0.01043 0.84239 18.64 814.69
Y4 15.2 17.7 15.2 42.8426 0.00988 0.84311 18.03 772.39
Y5 14.9 18.4 8.2 41.9794 0.00926 0.84430 9.71 407.71
71 16.6  17.1 3.8 46.9560  0.01175  0.84386 4.50 211.45
72 16.3  17.5 12.9 46.0488  0.01123  0.84433 15.28 703.55
73 15.9 17.6 14.9 44.8660  0.01072 , 0:84394 17.66 792.12
74 159 18.6 15.4 44.8445  0.01031 "0:84629 18.20 816.04
75 15.3  19.2 7.2 43.0973  0.00938'¢) 0.84678 8.50 366.45
Average 16.35 18.84 11.4 Weighted 46.1656  0.01074 Sum 268.66 12,402.93 2.8850

[Note (1)] Average

NOTE:

(1) Exhaust dry bulb, Tpge 16.35°C
Exhaust wet bulb, Ty, 18.84°C
Exhaust relative humidity, RH, 78.09%
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Inlet air
23 relative S 23
humidity 20% 30%
22 40% 22
1 ~—150% |5,
60%

o Pr 7z ~—|70%
£ 20 80% 20 &
g 10 e CLACH PP
*g Dry-bulb curves /§ /1100DO . 2
o 18 18 g
£ . s // 17 g
QO =
= =
= 16 16 =2
a a
B 15 15 &
= 1ng
3 14 Design Point =
3 13 WB=43C =183

1 < DB=5.0C [\,

A ™ Wet-bulb curve RH = 90.0%
11 | | PB = 1013 kPa []11
10 E—— 10

-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10
Inlet Wet-Bulb Temperature, °C

GENBRAL NOTES:

(@) \vater Flow = 1 100 l/s

ange = 10°C

(b) qonditions:

(1) parallel air circuit

(2) full flow in the dry section
(3) air shutters fully open

Fig. G2 Wet-Dry Plume Abatement Performance'Curve: Outlet Temperatures as a Function of Inlet
Conditions
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NONMANDATORY APPENDIX H
SAMPLE CALCULATION FOR CLOSED-CIRCUIT EVAPORATIVE
COOLERS

The f¢llowing sample calculations are typically used
to evalyate test data of a closed-circuit evaporative
cooler, using performance curves submitted by the man-
ufacturdr in accordance with para. 3-9.

H1 CLPSED-CIRCUIT EVAPORATIVE COOLER
CAPABILITY

Table [H1 presents the design conditions and a set of
test conglitions for a particular evaporative cooler. The
procediire for calculation of thermal capability is
describgd in para. 5-10.2.

The test data are compared to the requirements of
paras. 315, 3-6, 3-7, and 3-8 to ensure that they meet the
requirerents stated therein.

(a) Cgrrect the test fan power to design exit air density
(see parfi. 5-8) for calculation of adjusted test fluid rate.
The test|fan power has already been adjusted for name-
plate motor efficiency and power factor in accordance
with pafa. 5-8. The CCEC manufacturer shall also have
providedl some or all of the following information:

(1) |design exit air density, Ibm/ft’
(2) (design exit air temperature, °F
(3) |design air rate, acfm

If design exit air temperature is provided, the air may
be assued to be saturated. Corresponding values of
specific Folume and specific humidity may be obtained
from pdychrometric tables or-eurves, and the design
acfm mgy then be calculated:

If the| design exit air’density is provided with the
design gxit air température, the acfm may be calculated
by using the tables.

The t¢st exit\air” density must be determined by an
iterativg process, as shown in Table H1.1. The test exit
air densjity’k, can be calculated from these data:

Corrected test fan power = (0.07122/0.07153)~(98.8),
= 98.37 HP,

(b) Determine the adjusted test fluid 'fate accor
to para. 5-2.2.

Hing

Design fan power,&”100 HP,
Corrected test fan powet-= 98.37 HP;
Adjusted test fluidrate = (4,550) (100/98.37)%%
= 4,569 gpm

(c) Determine)tower capability from manufactufer’s
performancecurves. The manufacturer will have pub-
mitted performance curves A through C at 90%, 100%,
and 110% of design fluid rate (see Figs. H1.3-1 thrqugh
H1:3:3)’

(d) Construct a cross plot no. 1 (Fig. H1.4) fromy the
manufacturer’s performance curves by plotting codling
range against cold fluid temperature at the test wet-pulb
temperature (72.2°F). The following predicted cold fluid
temperatures are obtained from cross plot no. 1 a{ the
test cooling range of 22.4°F.

(e) Construct a test cross plot no. 2 (see Fig. H1.5) by
plotting fluid rates against the cold fluid temperatures
shown in Table H1.5.

(f) The predicted test fluid rate is obtained from|
cross plot no. 2 by entering the curve at the test
fluid temperature (87.2°F).

test
old

Predicted test fluid rate

4,315 gpm

Adjusted test fluid rate
Predicted test fluid rate
4,569
T 4315
= 105.9%

X 1100

Tower thermal capability =

X 100

1.02752/14.364 (at 86.22°F)
air-vapor mixture, Lb,,

Ky

0.07153

Kll
air-vapor mixture, ft?

Since fan power varies directly with air density for a
constant system (constant volume) at constant fan speed
and constant blade pitch angle, the test fan power is
corrected for the difference between design air density
and test air density as follows:

76

H2 PREDICTED TEST COLD FLUID TEMPERATURE

The predicted test cold fluid temperature at test condi-
tions can be obtained from test cross plot no. 2 by enter-
ing the curve at the adjusted test fluid rate (4,569 gpm).

Predicted test cold fluid temperature = 88.1°F
Actual test cold fluid temperature = 87.2°F
Deviation = 87.20°F — 88.10°F = -0.90°F
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Table H1 Design and Test Conditions

ASME PTC 23-2003

Design Conditions

Test Conditions

Process fluid Water Water
Hot fluid temperature, °F 110.0 109.6
Cold fluid temperature, °F 90.0 87.2
Wet-bulb temperature, °F 75.0 72.2
Cooling range, °F 20.0 22.4
Circulating process fluid rate, gpm 5,000 4,550
Fan power (per fan), BHP. 100 98.8
Exponent for fan power corr. 0.250 R
Heat rejection, Btu/hr 50 x 10° 50.96 x 10°
Design air rate, acfm 817,960

Design exit air density, lbm-ft> 0.07122

Table H1.1 Test Exit Air Properties

Assumed Exit Air
Temperature, °F

Specific Volume,
Vdar f3/1b Dry Air

Calculated Exit
Air Enthalpysh;,
Btu/lb Dry-Air

Humidity Ratio,
b Water/lb Dry Air

Corresponding
Exit Air
Temperature, °F

95.00 14.802 1.03674 51.38 86.58
86.00 14.354 1.02732 50.91 86.29
86.25 14.366 1.02755 50.93 86.22
86.22 14.364 1.02752 50.93 86.22
100 I
9Q%/Design Fluid Rate
(4,500 gpm) 1+
95 /
| —
Io-l- /
4 20 — | /
E /
g | e T
g 85 = t
. 20°F range //
E 16°F ranV
49
g 80
75
Test WBT = 72.2°F
70

65

67

71

73

75 77

Wet-Bulb Temperature, °F

79 81

83 85

Fig. H1.3-1 Manufacturer’s Performance Curve A
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100 T
100% Design Fluid Rate //
(5,000 gpm)
& 90 R y _— |
(]
g 24°F range 5(
=]
© / —]
(%}
=3 20°F range Design
g 8 /i'g //
2
_‘g 16°F ranV/
s
5 /
S s
Test WBT = 72.2°F
7
7
65 67 69 71 73 75 77 79 81 83 B5
Wet-Bulb Temperature, °F
Fig. H1.3-2 Manufacturer’s Performance Curve B
10 T
110% Design Fluid Rate ///_
(5,500 gpm) / / |
9 /
w 0 24°F range / / /
o
35
b 20°F range —7] //
g /
'_E 16 FranV
r:- /
i)
S 8
Test WBT = 72.2°F
7
70
65 67 69 71 73 75 77 79 81 83 85

Wet-Bulb Temperature, °F

Fig. H1.3-3 Manufacturer’s Performance Curve C

78


https://asmenormdoc.com/api2/?name=ASME PTC 23 2003.pdf

NONMANDATORY APPENDIX H ASME PTC 23-2003

94 |
Cold Fluid Temp vs. Cooling Range
) -
(72.2°F Test Wet-Bulb Temperature) 110% Fluid rate
92
— 100% Fluid rate
90 —
N | '
°. 90% Fluid rate
d ss
Y
[
= /
k3
=
3 86
[
9
9 /
J
84
r<— Test range = 2P.4°F
82
80
16 18 20 22 24
Cooling Range)°F
Fig. H1.4 Test Cross Plot No. 1
93 |
Cold Fluid Temperature vs. Corrected Test Fluid Flow
(87.2°F Test Cold Fluid Temperature)
92
91
&
g
3
®| 90
(]
Q
£
@
=
3| 89
[
o
° Predicted cold fluid
< temperature = 88.1°F
Z
88 —
Test cold fluid
temperature = 87.2°F Corrected test fluid rate = 4,569 gpm
87
4,315 gpm
86
4,000 4,500 5,000 5,500 6,000

Fluid Rate, gpm

Fig. H1.5 Test Cross Plot No. 2
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H3 PREDICTED DESIGN COLD FLUID
TEMPERATURE

Construct design cross plot no. 3 (Fig. H3) at the 20°F
design range and 75°F design wet-bulb temperature by
directly reading the cold fluid temperatures at the three
fluid flow rates of the manufacturer’s performance

NONMANDATORY APPENDIX H

The predicted cold fluid temperature at the design
cooling range, wet-bulb temperature, and fluid rate,
based on the tested thermal capability, is obtained by
entering the design cross plotno. 3 at a test-compensated
flow rate. This test-compensated fluid flow rate is sim-
ply the ratio of the design flow rate to the test capability.

5,000/1.059

Test-compensated fluid flow rate

curves A through C in Fig. H1.4. No intermediate cross = 4,721 gpm
plot is necessary since no interpolation is required at Predicted design cold fluid temperature = 89 15°F
design donditions. In Table H3, the predicted cold fluid Design cold fluid temperature = 90.00°F
temperdtures at the respective fluid rates are the basis Deviation = 89.15%F.2 9(.00
for design cross plot no. 3. = —08b°F
Table H1.5 Predicted Cold Fluid Temperatures
Cross Plot 1
% Design Cold Fluid
Fluid Rate Fluid Rate, gpm Temperature, °F
90 4,500 87.85
100 5,000 89.60
110 5,500 9120
93 |
Predicted Cold Fluid Temperature vs. Fluid Rate
(20°F Rangé 75°F WBT)
92
91
&
[
S
T 90
[
Q.
£
e 89.15°F
=
= 89
(S
o
©
o
88
4,721 gpm
87
86
4,000 4,500 5,000 5,500 6,000

Fluid Rate, gpm

Fig. H3 Design

Cross Plot No. 3
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Table H3 Predicted Cold Fluid Temperatures
Cross Plot 3

% Design Cold Fluid
Fluid Rate Fluid Rate, gpm Temperature, °F
90 4,500 88.45
100 5,000 90.00
110 5,500 91.42
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NONMANDATORY APPENDIX |
SAMPLE CALCULATION FOR WET SURFACE
AIR-COOLED CONDENSERS (WSACC)

Table 11 Design and Test Conditions

Design Conditions

Test Conditions

Steam rate, lbm/hr

Steam inlet pressure, Hgabs
Steam inlet quality

Wet-bulb temperature, °F

Fan power (per fan), BHP
Exponent for fan power corr.
Heat rejection, Btu/hr

Design air rate, acfm

Design exit air density, lbm.ft>

155,000 148,560
3.00 in. 2.76 in
90% 89.85%
74.0 70.5

96.0 9848

0.250

143.5 x 10° 137.5 x 10°
1,639,000

0.0705

The f¢llowing sample calculations are typically used
to evalyate the test data of a wet surface air-cooled
condenger (WSACC), using performance curves submit-
ted by the manufacturer in accordance with para. 3-9.

11 WEJ SURFACE AIR-COOLED CONDENSER
CARABILITY

Table [[1 presents the design conditions and)a set of
test conglitions for a particular WSACC. Lhe procedure
for calcylation of thermal capability is described in para.
5-10. The test data are compared tosthe-requirements of
paras. 315, 3-6, 3-7, 3-8, and 4-10 te ensure that they meet
the requirements stated therejm:

(a) Cgrrect the test fan powerto design exit air density
(see para. 5-8) for calculation of adjusted test steam
rate. The test fan power has already been adjusted for
nameplgte motor efficiency and power factor according
to para.|5-8. The’/WSACC manufacturer shall also have
providedl some 'or”all of the following information:

(1) design exit air density, Ibm /ft’
(2) Idesign exit air temperature, °F

The test exit air density «, can be calculated from
these 'data:

K, = 1.03036/14.505 (at 89.18°F)

0.07103 2ir-vapor mixture, 1b

Kll
air-vapor mixture, ft®

Since fan power varies directly with air density for a
constant system (constant volume) at constant fan speed
and constant blade pitch angle, the test fan powgr is
corrected for the difference between design air depsity
and test air density as follows:

Corrected test fan power = (0.07052/0.07103) (98.8),
= 98.09 HP,

(b) Determine the adjusted test steam rate accor
to para. 5-2.2.

Hing

Design fan power = 96.0 HP,
Corrected test fan power = 98.09 HP;

Adjusted test steam rate = (148,560) (96.0/98.09)"?
p— 1/I'7,’7£’) b /s

(3) design air rate, acfm

If design exit air temperature is provided, the air may
be assumed to be saturated. Corresponding values of
specific volume and specific humidity may be obtained
from psychrometric tables or curves, and the design
acfm may then be calculated.

If the design exit air density is provided with the
design exit air temperature, the acfm may be calculated
using the tables. The test exit air density must be deter-
mined by an iterative process, as shown in Table I1.1.

82

(c) Determine tower capability from manufacturer’s
performance curves. The manufacturer will have sub-
mitted performance curves A through C at 90%, 100%,
and 110% of design steam rate. See Figs. I1.3-1 through
11.3-3.

(d) Construct cross plotno. 1 (Fig. I1.4) from the man-
ufacturer’s performance curves by plotting steam inlet
quality against steam inlet pressure at the test wet-bulb
temperature (70.5°F). In Table I1.4, the predicted steam
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Table 11.1

Calculated Exit Corresponding
Assumed Exit Air Specific Volume, Humidity Ratio, Air Enthalpy, h;, Exit Air
Temperature, °F Vaar ft3/1b Dry Air b Water/lb Dry Air Btu/lb Dry Air Temperature, °F

95.0 14.802 1.03674 55.21 89.48
90.0 14.545 1.03119 54.85 89.22
89.20 14.506 1.03038 54.79 89.18
89.18 14.505 1.03036 54.79 89.18
’ |
90% Steam Rate
(139,500 Ibm/hr)
4
N
P
5
IC
= 100% qpality
g L —
2 — | 90% qiality
N
/
é /_———\r/_ /_/‘ i .
g _/'/ | | 80% qality
E /—ﬂr/ | —
E — —
= L L —]
S I e, ey
2 L
2
~<— Test WBT = 70.5°F
1
62 64 66 68 70 72 74 76 78 80 82
Wet-Bulb Temperature, °F
Fig. 11.3-1 Manufacturer’s Performance Curve A
inlef pressures afe'obtained from cross plot no. 1 at the 12 PREDICTED TEST STEAM INLET PRESSURE
test|quality of:89.85%. . . .
qHatty ° . The predicted steam inlet pressure at the tegt condi-
(@ Constrdet test cross plot no. 2 (see Fig. I1.5) by . .
. . . tions can be obtained from test cross plot no. 2 by enter-
plotting-the'steam rates against the steam inlet pressures . .
: ing the curve at the adjusted test steam rate |(147,762
shownsin’Table 11.4.
h4 e e o . Ibm/hr).
(J FRALS] PICUILLEU LS SICAIIT ITdlT IS5 ODLAllICU ITOUIIT TEST

cross plot no. 2 by entering the curve at the test steam

: - Predicted test steam inlet pressure = 2.75 in. Hgabs
inlet pressure (2.76 in. Hgabs).

Actual test steam inlet pressure = 2.76 in. Hgabs
Deviation = 2.76 in. — 2.75 in.

Predicted test steam rate = 148,300 Ibm/hr 3
= 0.01 in. Hgabs

Adjusted test steam rate
Predicted test steam rate
X 100

WSACC thermal capability (%)

I3 PREDICTED DESIGN STEAM INLET PRESSURE

_ Construct design cross-plot no. 3 (Fig. 13) at the 90%
~ 148,300 design steam quality and 74°F design wet-bulb tempera-
ture by directly reading the steam inlet pressures at the

Il
Ne)
©
N
B
X
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> |
100% Steam Rate
(155,000 lbm/hr)
4
w
a 5 .
5 100% quality
pu
< — .
= | 90% quality
o | - — | —
z ; — | ﬂ)"’// 80%.quality
V2]
g /_——0—/—_ //
E =+
£ | Design
5 —
)
2
~<—— Test WBT = 70.5°F
1
62 64 66 68 70 72 74 76 78 80 8p
Wet-Bulb Temperature, o
Fig. 11.3-2 Manufacturer’s Performance Curve B
> |
110% Steam Rate
(170,500 Ibm/hr)
4 100% quality
n //
s — |
2 ___ﬂ_____———/ 90% quality
/ /
= ol — L —
= | ________-—/ .
< | —— 80% quality
T I
g 3 ] | —
& /-ﬂ)—/"
- /-
E D
S
©
L
n
2
<—— Test WBT = 70.5°F
1
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3.6 T
Steam Inlet Pressure vs. Steam Quality
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Test steam quality = 89:85%
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Fig. 11.4 Test Cross Plot No. 1
Table 11.4 Table I3
% Design Steam Rate, Steam Inlet % Design Steam Rate, Steam Inlet
Stean Rate lbm/hr Pressure,.in. Hgabs Steam Rate lbm/hr Pressure,| in. Hgabs
90 139,500 2.598 90 139,500 2.130
100 155,000 2.870 100 155,000 3.000
110 170,500 3.125 110 170,500 3.275
three steam rates of the’ manufacturer’s performance %eﬁlgn cross plot no. :ilat a test-comp er'15at<led s}te am .rateé
curyes A throughCuin Fig. I1.4. No intermediate cross th 1sdte§t—c01?p ensate steﬁm rate 1s 511:.1 lp y thq ratio o
plof| is necessary since no interpolation is required at e design steam rate to the test capabrlity.
design conditiéns. In Table I3, the predicted steam inlet Test-compensated fluid flow rate = 155,000/0.p964
pregsures df.the respective steam rates are the basis for = 155,564 Ibin/hr
design ctess plot no. 3. Predicted design steam inlet pressure = 3.013 in. Hgabs
Thepredicted steam inlet pressure at the design steam Design steam inlet pressure = 3.00 in. Hgabs
quality, wet-bulb temperature, and steam rate, based on Deviation = 3.013 in. — 3.000 in.

the tested thermal capability, is obtained by entering
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0.013 in. Hgabs
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3.6 | |
Steam Inlet Pressure vs. Steam Rate
(89.85% Test Steam Quality)
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Fig. 11.5 Test Cross‘Plot No. 2
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Fig. I3 Design Cross Plot No. 3
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