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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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INTERNATIONAL STANDARD ISO 16345:2014(E)

Water-cooling towers — Testing and rating of thermal
performance

1 Scope

This International Standard covers the measurement of the thermal performance and pumping head
of opgerr =CiTTUlt; i . i I draft and
fan-gssisted natural draft, wet and wet/dry cooling towers. The standard rating boundaries for series
mechanical draft, open- and closed-circuit cooling towers are specified.

This|International Standard does not apply to the testing and rating of closed-circuit towers where
the process fluid undergoes a change in phase as it passes through the heat exchanger or where the
therinophysical properties of the process fluid are not available.

2 Terms and definitions

For fhe purposes of this document, the following terms and definitions apply. The symlpols used to
identify the terms contained in this International Standard afe listed and defined in Clause3.

2.1
airflow rate
totallamount of dry air and associated vapour water mioving through the cooling tower

2.2
ambjent air conditions
atmqgsphere adjacent to, but not affected by, the cooling tower

2.3
approach
difference between cold (re-cooled) water temperature and the inlet-air wet-bulb temperatjure

2.4
approach deviation
deviation between the'guaranteed and adjusted test approach

2.5
atmo¢spheric giadient (lapse rate)
average rate.of change of dry-bulb temperature with change in altitude from cold water basin curb, or
sill, level te,around twice the height of the cooling tower

Note [l toentry: The convention for use with this International Standard will be to use a negative valug for decrease
in temperature as height increases.

2.6
average wind direction
predominant direction of the wind over the duration of the test period

2.7
average wind speed
arithmetical average of wind speed measurements taken over the duration of the test period

2.8
barometric pressure
atmospheric pressure taken over the duration of each test period

© ISO 2014 - All rights reserved 1
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29

basin

open structure located beneath the cooling tower for collecting the circulating water and directing it to
the sump or suction line of the circulating pump

2.10
basin curb
top elevation of the tower basin

Note 1 to entry: Usually the datum from tower elevations is measured.

2.11

blowdown
water discharged from the system to control the concentration of salts or other impurities in the
circulating water

2.12
capability
measured thermal capacity of a cooling tower, expressed as a percentage of the design water flow [rate

2.13
cell

smallest suljdivision of the tower, bounded by exterior walls and partitionh walls, which can functipn as
an independent unit

Note 1 to entfy: Each cell can have one or more fans or stacks and one‘%@tmore distribution systems.

2.14
cell dimendions
dimensions fthat describe the size of a cooling tower cell

Note 1 to ent}y: The dimensions include
a) dimensipn perpendicular to the tower longitudinal axis and usually at right angles to the air inlet faceq,
b) length: dimension parallel to the longitudinal axis and the plane where air inlets are usually located, apd

c) height: gn induced draft towers, the distance from the basin curb to the top of the fan deck, but not inclpding
the fan sgack.

Note 2 to enfry: On forced and natural draft towers, the distance from the basin curb to the discharge plgne of
the tower.

2.15
closed-circpit coolingtower
cooling towgr compriSed of a water flow loop re-circulating over the outside of a closed-circuit/heat
exchanger cpntaining the process fluid loop

e Ada 3o Ao,y mnthraonah +tho o tnye noccing A tha b oidn A F 1 ] ad civcoir ooy Aol
Note 1 to entryF—Airis-drawn-through-the-waterpassing-over-the-outside-ofthe-closed-eirenitheatexehanger,

enabling cooling by evaporation. No direct contact occurs between the process fluid loop and the open evaporative
cooling loop.

2.16
cold (re-cooled water temperature) water
in an open cooling tower, the average temperature of the water entering the tower basin

Note 1 to entry: The convention from here on will be to use the term “cold water” in ISO 16245.

Note 2 to entry: In the case where the measurement is downstream of the basin or the pump, corrections are
needed for the effects of the pump and any other makeup water, blowdown, or heat sources entering the basin.

2 © ISO 2014 - All rights reserved
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2.17
cooling range
difference between the hot and cold water or process fluid temperatures

Note 1 to entry: The term ‘range’ is also applied to this definition, but is regarded as a non-preferred term.

2.18
cooling tower
apparatus in which process fluid is cooled by evaporative heat exchange with ambient air

2.19

cou

2.20
cross-flow
situation in which air flows perpendicularly to the water flow within the cooling tower

2.21

disc

discharge air stream of the cooling tower when made visible (wholly.orin part) by the con
watefr vapour as the moist air stream is cooled to ambient temperattye

2.22
distribution system
systeam for receiving the water entering the cooling tower-and distributing it over the ai

cont

2.23
drift eliminator

asse

2.24
drift loss

port

the discharge air stream, commenly expressed as mass per unit time or a percentage of thg
water flow rate

Note

2.25
dry-pulb temperature
temperature ofsah air-vapour mixture indicated by a thermometer with a clean, dry sens

that

Note

situiion in which air and water flow in opposite direction within the cooling tower

harge plume

icts the atmospheric air

mblies downstream of the heat transfer media which serve to reduce the drift loss

fon of the water flow rate lost from the tower in the form of fine droplets mechanically

1 to entry: It is independent of water lost by evaporation.

s shielded)from radiation effects

1 toentry: Dry-bulb temperature can be further categorised as either

densation of

rea where it

entrained in
e circulating

ing element

wer and free

a) dmbient Hry-hn]h fnmpnrahlrn- the Hry_hn]h fnmpnrahlrn of air measured windward aof the td
from the influence of the tower or

b) entering dry-bulb temperature: the dry-bulb temperature of the air entering the tower, includ
of any re-circulation and/or interference.

2.26

entering air conditions
average characteristics of the airflow entering the cooling tower

2.27

fan power
power consumed by the fan driver, which might or might not include the efficiency of the driver,
depending on the contract

© IS0 2014 - All rights reserved
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2.28

fill (pack)

devices placed in the cooling tower within the heat exchange section for the purpose of enhancing the
surface area and/or the rate of heat transfer from the water stream to the air stream

2.29
final test result
average of the results from the minimum number of valid test periods

2.30
flow rate

3 £l..: 1o lod b L.
quantlty of ot processTata tope-coorea 1A the-towet

2.31
fluid type
type of prodess fluid to be cooled by the tower

2.32
fouling faclors
expression ¢f reduction of heat transfer capability caused by internal and/or ekternal contamination of
the heat exchanger

2.33
heat exchaIger pressure drop
pressuredrop of the process fluid across the contractual inletand outletlocations of the heatexchanger(s)
of a closed-dircuit or wet/dry cooling tower, adjusted for elevation-and velocity

2.34
heatload
rate of heat femoval from the process fluid within the tewer

2.35
hot procesg fluid temperature
average temperature of the process fluid entesing the heat exchanger in a closed-circuit tower

2.36
hot water temperature
average temperature of the inlet water in an open-circuit cooling tower

2.37
interferende
thermal contamination efiair entering the cooling tower by a source extraneous to the tower, gengrally
another cooling tower

2.38
L/G
ratio of tota| miass flow rates of liquid (water) over gas (dry air) in an open-circuit cooling tower

2.39
makeup
water added to the system to replace the water lost by evaporation, drift, blowdown, and leakage

2.40
mechanical draft cooling tower
cooling tower where the air circulation is produced by a fan

Note 1 to entry: Mechanical draft cooling towers can be further categorised as either
a) forced draft: the fan is located in the entering air stream or

b) induced draft: the fan is located in the discharge air stream.

4 © ISO 2014 - All rights reserved
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natural draft cooling tower
cooling tower wherein the air circulation is produced by a difference in density between the cooler air
outside the cooling tower and the warmer, more humid air inside

Note

2.42

1 to entry: Natural draft towers can be fan assisted.

non-series type
design, generally site constructed, for which the performance is project dependent

2.43

open-circuit (wet) cooling tower

cooli

throyigh direct contact with atmospheric air

2.44
part
verti

2.45

prodess fluid
worKing fluid used to transport heat from heat source to the coeling tower

Note

2.46

pumjp head
in anfopen-circuit tower, the sum of static head andidynamic head from the contractual inlet
the discharge of the distribution system to atmosphere

2.47

re-circulation
portion of the outlet air that re-enters-the tower

2.48

relative humidity

ratio|

sample of saturated air atthe same temperature and pressure, usually expressed as a percg

2.49

serig¢s type
design which isifixed and described in the manufacturer’s catalogue, generally factory ass
for which the{performance data are pre-determined

2.51

Ing tower wherein the process fluid is warm water which is cooled by the transfer-of'm

ition wall
cal interior wall, either transverse, longitudinal, or radial, that subdivides a cooling tow

1 to entry: It can be water or any chemical element, compound or mixture, liquid or gas, in sing

of the mole fraction of water vapour in a given air sample to the mole fraction of watej

hss and heat

rer into cells

e phase flow.

interface to

vapour in a
bntage

embled, and

test agent
person or entity responsible for conducting the testing

2.52

test period
time duration where readings or recordings of every measurement have to be averaged and test period
results can be calculated

2.53

test readings
individual sets of data recorded at regular intervals for each instrument or measurement point required

© ISO
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2.54

thermal lag

time interval before the temperature of the water leaving the influence of the cooling air is detected at
the point of cold water temperature measurement

2.55

tolerance

numerical value defined in contract documents or by a certification program expressed in percentage
points or degrees Celsius which can be applied to the test results when determining compliance with
the pass/fail criteria

N 1 Lan H 11l ol H L. ol i 4+ el Tt i
Ote tO ent y- 1ypitally, a tultl allttT 15 asx CCU 1UlI Lal\llls Lot Vdl'IaUllit y I1ItU dLTUUILIL.

2.56
top of shelllwind speed
for natural [draft or fan-assisted natural draft towers, the wind speed at the elevatien_of the plane
through the|top of shell and within the defined distance from the tower

2.57
total dissolved solids
weight of inprganic and organic matter in true solution per unit volume of water

Note 1 to enfry: Typically, over 90 % of all solids dissolved in water are present as six different ions. Calcium,
magnesium, $odium, chlorides, sulphates, and carbonates are usually expressed as mg/1.

2.58
total suspended solids
weight of particulates, both organic and inorganic, suspended, but not dissolved, per unit of water

Note 1 to entfy: Total suspended solids are usually expressedas mg/1.

2.59
uncertainty, random
estimate characterizing the range of values within which it is asserted with a given degree of confidence
that the tru¢ value of the measure can be expected to lie

2.60
valid test period
test period yhere constancy andvalues of measured parameters are within the limits of this code

2.61
water flow rate
quantity of hot water flowing into an open cooling tower

2.62
water loading
water flow tfate,expressed as quantity per unit of fill plan area of the tower

2.63

wet-bulb temperature

temperature of air indicated by a thermometer, shielded from radiation, with the sensing element
covered by a thoroughly wetted and adequately ventilated wick

Note 1 to entry: Properly measured, it closely approximates the temperature of an adiabatic saturation and can
be further categorised as either

a) ambient wet-bulb temperature: the wet-bulb temperature of air measured windward of the tower and free
from the influence of the tower or

b) entering wet-bulb temperature: the wet-bulb temperature of the air entering the tower, including the effect
of any re-circulation and/or interference.

6 © ISO 2014 - All rights reserved
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wet/dry cooling tower
cooling tower incorporating two concurrent modes of heat transfer: wet or evaporative and dry or

sensible

Note 1 to entry: Wet/dry towers can be of open or closed type and are most often used to control or limit the
discharge plume, but can also be used to reduce water consumption.

2.65

design

set of parameters defined by specification or contract as the basis against which the cooling tower

perfi

3 9
Ac

AFILL

Ccap

Cr

Cp

AE

TTeCC-Toorrory 4 ¢

bymbols and abbreviations

total internal area of hot water conduit at tower inlet, expressed in square’'metres, m
gross face area of fill, perpendicular to direction of airflow, expressed'in square metj

area of transfer surface per unit of fill volume, expressed in square metres per cubic
m3

heat transfer coefficient

tower capability, expressed as a percentage (%) of'design flow
pressure loss coefficient, expressed as a dimelsionless unit
specific heat of a fluid at constant pressute, expressed in kJ/kg °C
NOTE Assumed to be 4,186 kJ/kg.°C for water.

diameter of pipe, expressed.ip-tietres, m

diameter of wet bulb and cevering, expressed in millimetres, mm

difference in elevation between the inlet and outlet nozzles of the heat exchanger of
circuit tower, expressed in metres, m

mass flow rate-of dry air through the cooling tower, expressed in kilograms of dry ai
kg dry air/s

acceleration due to gravity, expressed in metres per square second, m/s?2

D
es, m2

metres, m2/

closed-

" per second,

elevation difference between top of the shell of a natural draft tower and the midpoint of fill

height, expressed in metres, m

tower pumping head of flowing fluid, expressed in metres, m

ha

hHA

hm

Icap

enthalpy, expressed in kiloJoules per kilogram dry air, kJ/kg dry air
enthalpy difference, expressed in kiloJoules per kilogram of dry air, k] /kg dry air

enthalpy of air, expressed in kiloJoules per kilogram dry air, kJ/kg dry air

enthalpy of air-water vapour mixture at bulb air temperature, expressed in kiloJoules per kilo-

gram dry air, k] /kg dry air

enthalpy of saturated air-water vapour mixture at bulb water temperature, expresse
Joules per kilogram of dry air, k] /kg dry air

d in kilo-

tolerance for instance for tests uncertainty on tower capability, expressed as a percentage, %

© IS0 2014 - All rights reserved
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ITEMP tolerance for instance for tests uncertainty on tower approach deviation, expressed in degrees
Celsius, °C

K overall heat and mass transfer coefficient, expressed in kilograms per second, kg/s°m?

KaV/L tower characteristic, expressed in dimensionless units

kWEgm input power to an electric fan motor, expressed in kilowatts, kW

kWppm input power to an electric pump motor, expressed in kilowatts, kW

Ko:K1: constants in formulae, derived by combining known values of K-

L mass flow rate of water entering the cooling tower, expressed in kilograms per second, kKig/s

L/G ratio of mass flow rate of water to that of air, expressed in dimensionless units

n an integer number, typically the nth term in a series

Pp barometric pressure, expressed in pascals, Pa

PHE pressure loss across the heat exchanger of a closed-circuit or wet/dr; cooling tower, expressgd in

kilopascals, kPa

P static pressure of the process fluid at the inlet nozzle to the heat’'exchanger of a closed-circuit
tower, expressed in pascals, Pa

Po static pressure of the process fluid at the outlet nozzlesto'the heat exchanger of a closed-circyit
tower, expressed in pascals, Pa

Pt total pressure referred to atmospheric, expressed in pascals, Pa

PsT static pressure at the centreline of the tower hot water inlet conduit, expressed in metres of flow-
ing fluid, m

Py velocity pressure (computed from vZ/2g) at the centreline of tower hot water inlet conduit,

expressed in metres of flowing fluid, m

P1 static pressure of water pr\process fluid at suction of main circulating pump, expressed in kilo-
pascals, kPa

Py static pressure of water or process fluid at discharge of main circulating pump, expressed in
kilopascals, kPa

Qa volumetrieflow rate of air, expressed in cubic metres per second, m3/s

@BD volumetric flow rate of blowdown water, expressed in mass flow rate of water per second, L /s
Qmu volumetric flow rate of makeup water, expressed in mass flow rate of water per second, L/s

Qpr volumetric flow rate of process fluid, expressed in mass flow rate of water per second, L/s

Qrw volumetric flow rate of water re-circulating over the external surface of the heat exchanger of a

closed-circuit cooling tower, expressed in mass flow rate of water per second, L/s

Qw volumetric flow rate of circulating water in an open cooling tower, expressed in mass flow rate of
water per second, L/s

q heat transfer rate from water/process fluid to the ambient air, expressed in kiloJoules per second,
Kk]/s

qDRY dry heat transfer rate for wet/dry cooling tower, expressed in kiloJoules per second, kJ/s

qQWET wet heat transfer rate for wet/dry cooling tower, expressed in kiloJoules per second, k] /s

8 © ISO 2014 - All rights reserved
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RH

Tapp

TBp
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total heat transfer rate for wet/dry cooling tower, expressed in kiloJoules per second, k] /s
cooling range, expressed in degrees Celsius, °C

relative humidity, expressed as a percentage, %

thermal lag, expressed in seconds, s

approach deviation, expressed in degrees Celsius, °C

temperature, blowdown water, expressed in degrees Celsius, °C

Tcw
Tcpr
Tpp

Tuw
Thpr
Tmu

Trw

Tws

Tent

tex

Va
Vavg
VFD
VL
Vw

VA

temperature, cold water leaving the tower, expressed in degrees Celsius, °C
temperature, cold process fluid leaving the tower, expressed in degrees Celsius;2C
temperature, air dry-bulb, expressed in degrees Celsius, °C

temperature, hot water entering the cooling tower, expressed in degiees Celsius, °C
temperature, hot process fluid entering the tower, expressed irfdegrees Celsius, °C
temperature, makeup water, expressed in degrees Celsius, °C

temperature, re-circulating water of a closed-circuitcooling tower measured at the gump dis-
charge, expressed in degrees Celsius, °C

temperature, air wet-bulb, expressed in degrees Celsius, °C
ambient dry-bulb temperature, expressed\in °C

average entering dry-bulb temperatuxe, expressed in °C
linear mass density of fibres, expréssed as mass in grams per 1 000 metres (1 tex = 106 kg/m)
effective cooling tower fill volume, expressed in cubic metres, m3
velocity of air, expressed in metres per second, m/s

average wind velodity

variable fréquency drive

velocity of liquid, expressed in metres per second, m/s

velocity of wind, expressed in metres per second, m/s

specific volume of air, expressed in cubic metres of mixture per kilogram of dry air, 3 mixture/
kg dry air

Wrm
XX, adj
XX, amb
Xx, 1
XX, 2
XX, d

Xx, dry

fan motor power output, expressed in kilowatts, kW

designates the value has been adjusted, e.g. for fan power, makeup water temperature, etc.
designates the value pertains to the ambient air surrounding the tower

designates value pertains to air entering the tower inlet

designates value pertains to air leaving the tower (discharge)

designates the value pertains to the design condition

indicates the value pertains to the dry section of a wet/dry cooling tower

© ISO 2014 - All rights reserved 9
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Xx, i
Xx, (n)

Xx, PF

Xx,pred
XX, t

Xx, w

Xx, wet

Z;

pw

NFM

np

PA
PPF
T1
T2

Pa

indicates the value is obtained from the intercept of two curves
number counter, e.g. the nth term

designates the value pertains to the process fluid circulating through the heat exchanger of a
closed-circuit cooling tower

designates a predicted value determined from the manufacturer’s performance data
designates the value pertains to a measured test condition

designates the value pertains to the water circulating through an open cooling tower

indicates the value pertains to the wet portion of a wet/dry

exponent applied to L/G ratio in the cooling tower operating formula, expressed indiménsiomnless
units

NOTE Typically on the order of -0,6.

exponent applied to ratio of design to test fan motor power to adjust dry-gapacity of wet/dryftow-
ers expressed in dimensionless units

vertical distance from basin curb to centreline of tower pipingilet, expressed in metres, m

exponent applied to ratio of design to test fan motor powerto-adjust capacity of closed-circult
towers, expressed in dimensionless units

NOTE Typically on the order of 0,2.

weighting coefficient, expressed in dimensionless units

density of water, expressed in kilograms,pger cubic metre, kg/m3

correction factor for crossflow towers, from Annex E, expressed in dimensionless units
efficiency of fan motor, expressed as a percentage, %

efficiency of main circulating pump (not motor), expressed as a percentage, %

specific mass or density, expressed in kilograms per cubic metre, kg/m3

density of air, expressed in kilograms per cubic metre, kg/m3

density of pracess fluid, expressed in kilograms per cubic metre, kg/m3

time at-tlie start of the test period, expressed in hours and minutes, hr-min

time at the end of the test period, expressed in hours and minutes, hr-min

absolute humidity of air, expressed in kilograms of mixtures per kilograms of air, kg mixture/kg
air

4 Performance tests — General

4.1 Application of standard

The performance testformingthe subjectofthisInternational Standard canbe carried outasacontractual
acceptance test or as a qualification or re-verification test, as part of a certification programme. This
International Standard can also be used as a guideline to monitor the performance of equipment during
its operation. The method described in this International Standard for the verification of performance
applies to all cooling towers described in the Scope.

10
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4.2 Test schedule

Acceptance tests should be carried out within a period of one year after start up, preferably after
commissioning. To achieve full thermal performance of open cooling towers with film fill, the cooling
tower shall operate under heat load for a sufficient period to condition the fill. For this reason, a
mutual agreement about the anticipated test schedule between owner/purchaser, testing agency, and
manufacturer shall be reached.

For closed-circuit cooling towers, it is preferred to conduct the test as shortly as possible after the start
up to avoid the influence of heat exchanger surface contamination. This can also apply to certain wet/dry

configurations, where water is sprayed on the heat exchanger surface.

4.3

4.3.1

If the
the p

4.3.2

Whe
the b
agre
to m
and |

including any criteria for rejection of testing based.en"uncertainty.

4.3.3

Onc
purc
time

4.3.4

The |
the t

tests|

4.3.5

The
perid

Pretest agreements

General

test is being performed to establish compliance with contractual obligdtions, it is re
arties to the contract agree to several aspects of the test, prior to thetest.

Test tolerance and uncertainty

h testing is run according to this code, the results represent without correction for
est available assessment of the actual performance of the equipment. The parties to ¢
e before starting a test and ideally before signing a contact on any tolerances that ca
pasured final test results. Agreement should also be‘reached prior to testing as to w
by whom an uncertainty calculation shall be madeto assess the quality of the testing

Fouling factors

osed-circuit cooling towers where a;fouling factor is included in the performance gu
haser and the manufacturer shouldagree upon the degree of fouling assumed to be pj
of the test and the method for adjusting the test results to the fouling allowance speci

Additional or rescheduled tests

parties to the test should agree to the allocation of additional expenses incurred if for §
est shall be halted\anhd rescheduled at another time or if one or more parties reques

Scopeof test and evaluation method

barties of the test should agree on the scope of the test, i.e. the use of single or multiy
ds; engineering or survey grade, extended test method, and the test evaluation mg

commended

uncertainty
test should
h be applied
hether, how,
¢ conducted,

arantee, the
esent at the
ied.

ome reason
t additional

le valid test
thod, either

by d

termrimation of thetower capabitity or by approach deviationForwet/dry closed=ci

cuit cooling

towers, it needs to be determined whether the test shall also include verification of performance in the
dry operating mode.

4.3.6 Documentation

Prior to the testing contract and preferably with the original tower proposal, the manufacturer shall
submit performance documents setting out the guaranteed properties as function of the allowable
influence parameters (see 5.3).

4.4 Flexibility

It is recognized that the data limitations specified throughout this test procedure represent desired
conditions which might not exist at the time the test is performed. In such cases, existing conditions can
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be used for performance test, if mutually agreed upon by authorized representatives of the manufacturer,
the purchaser, and the agency conducting the test (if applicable). In such cases, the accuracy of the test
is compromised (see 10.4) and full compliance to this code can no longer be claimed.

5 Objective of tests

5.1 General

The objective of the testing is to verify the guaranteed thermal and hydraulic properties of the cooling
tower supplied, including verifying the following items:

a) determination of the tower capability or approach deviation at measured conditions;

b) pump hgad, flow rates, and pressure losses.

5.2 Basis of guarantee

The cold water (process fluid) temperature is as a function of:
a) water (process fluid) flow rate;

b) wet-bulp temperature or relative humidity and dry bulb;

c) coolingfrange, or hot water temperature, and where applicable; as a function of other paramgpters
such as

— drytbulb temperature,

— fan|driver power consumption (as driver input-g¥ output as contractually agreed),
— atmnjospheric pressure,

— atmjospheric vertical temperature gradient,

— wind speed, and

— wind direction;

d) cooling[tower pump head orthe heat exchanger pressure drop applicable parameters, which are
defined|by tower type in-Table 1;

e) other pjrameters cap-bé guaranteed subject to the contract.
5.3 Form of the giilarantee documents

5.3.1 Gengral

The guarantee documents shall take the form of performance curves or characteristic curves and
associated tabular data, or spread sheets, curves, formulas, computer programs, etc. A block of data
shall be included on the curves containing the guaranteed parameters for the appropriate products as
defined in Table 1. If supplied as spread sheets, formulas, computer programs, etc., the information shall
be equivalent in scope and detail to the requirements for curves in 5.3.2 through 5.3.6 and characteristic
equations in 5.3.7.

5.3.2 Performance curves — Mechanical draft

The tower manufacturer shall submit tower performance data in the form of a family of performance
curves consisting of a minimum of three sets of three curves each. One set shall apply to 90 %, one set to
100 %, and the other to 110 % of the design process fluid flow rate. Each set shall be presented as a plot
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of wet-bulb temperature as the abscissa versus cold water temperature as the ordinate, with cooling

range as a parameter. Curves shall be based on constant fan speed and pitch.

a) Inaddition to the design cooling range curve, at least two bracketing curves at approxi
and 120 % of the design cooling range shall be included as a minimum. The design p
clearly indicated on the appropriate curve.

b) The curves shall fully cover (but not necessarily be limited to) allowable variations
specified in 8.2.4.2.

c) On closed- c1rcu1t towers, including wet/dry, where the process fluid is a mlxture (e.g.

mately 80 %
oint shall be

from design

an aqueous
ntrationasa

parameter with curves for atleast three concentrations: design, five percentage point$apove design,
and five percentage points below design (e.g. for a design concentration of 25 %, perfornjance curves
fhall be submitted for 20 %, 25 %, and 30 % concentrations). These curves shall be intprpolated to

the measured concentration at the time of the test evaluation.

d) [For wet/dry closed-circuit cooling towers, the manufacturer shall specify‘the operating conditions
and control settings of the tower required to yield full capacity in the,wet/dry operating mode. If

rerification of performance in the dry operating mode is required{tliie manufacturer

above but with the dry-bulb temperature as abscissa.

5.3.3 Performance curves — Wet/dry and fan-assisted.natural draft towers

shall specify
¢perating conditions and control settings in this mode and submit performance curves|as specified

The ftower manufacturer shall submit a family of curves which relate the pertinent performance

varidbles, including as a minimum, one set of curvesdor each of three process fluid flow

rates, one at

90 % of design, one at 100 % of design, and one at 110 % of design. Each set shall consist of three or more

cooling range curves and at least four relative humidity curves, arranged to show the effect:

temperature, relative humidity, and cooling range on the cold process fluid temperature. Cu
basef on constant fan speed and pitch.

NOTH In special cases where perforinance guarantees are limited for winds from specif
measurement of the wind direction wouldbecome mandatory.

of wet-bulb
rves shall be

¢ directions,
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Table 1 — Measured parameters for guarantee by tower types

Series Non-series
Closed and Closed and Natural R
osed an osed an . drift fan
Open | Closed Wet/ Ope]l; Wet/ Open Closed Wet/ Open Wet/ drift assisted
D ry D Dry
ry ry
Flow rate M M M M M M M M
Fluid type M M M M M M M M
Fan power M Mc M M M M — M
Cold temp.,
or range and M M M M M M M
approach
Entering WBT qr
RH and DBT M M M M M M M M
Entering DBT M M M M M M M M
Hot temp.,
or range and M M M M M M M M
approach
Barometric prep- M M M M M M M M
sure
Average wind M M M M M M M M
speed
Average wind sd sd sd sd 5d sd sd s
direction
Top of shell wind _ . _ _ >, . Mb Mb
speed
Ambient dry bullb — — — — — — M M
Atmc_)spheric . . . . . . M M
gradients
Liquid gas ratiqg
0 0 0 0 0 0 — 0
(L/G)
Pump head S S S M M M M M
Heat exchange . M Sa . M Sa . n
pressure drop
Spray pump poyver — M — — M — — —
Dissolved and. M M M M M M M M
suspended solids
Fouling factors — S S — S S — —
Fluid propertiep — M — — M — — —
NOTE 1 Parameters indicated with M are mandatory.
NOTE 2 Parameters fiidicated with O are required for induced draft towers, as it is needed for possible corrections pf the
fan power.
NOTE 3 Parameteérs indicated with S are not mandatory, but only suggested for information purposes.

a  Required for wet/dry cooling towers with dry heat exchangers on separate heat sources.

b Mandatory but not practical to measure in most cases. This parameter should be evaluated through a visual criteria in
the case of daytime basic tests, and is not relevant in the case of extended tests.

¢ For wet/dry closed-circuit towers, the fan power requirement in dry operating mode should be indicated if verification
of dry performance is included in the test.

d  In special cases where performance guarantees are limited for winds from specific directions, measurement of the
wind direction would become mandatory.

In addition to the design cooling range curve, at least two bracketing curves at approximately 80 %
and 120 % of the design cooling range shall be included as a minimum. The design point shall be clearly
indicated on the appropriate curve.
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The relative humidity curves shall be presented in approximately equally spaced curves and shall cover
the extent of expected conditions (e.g. 20 %, 40 %, 60 %, and 100 % relative humidity or 60 %, 70 %,
80 %, and 100 % relative humidity). Each curve shall include the dry-bulb temperature expressed as a
function of the wet-bulb temperature and relative humidity on which the curve is based.

The curves shall fully cover (but not necessarily be limited to) the allowable variations from design
specified in 8.2.4.2.

In the case where multiple modes of air and/or water flow control are guaranteed, additional sets of
curves shall be submitted.

The manufacturer shall submit a family of curves which relate the pertinent perfofmange variables,

including as a minimum, one set of curves for each of three process fluid flow rates,one‘at 90|% of design,

one 3t 100 % of design, and one at 110 % of design. Each set shall consist of three|er'more cpoling range
curves and four or more relative humidity curves, arranged to show the effectsofwet-bulb temperature,
relatfjve humidity, and cooling range on the cold process fluid temperature.

a) Inaddition to the design cooling range curve, at least two bracketingcurves at approximately 80 %
gdnd 120 % of the design cooing range shall be included as a mihimum. The design ppint shall be
¢learly indicated on the appropriate curve.

b) The relative humidity curves shall be presented in approximately equally spaced curyes and shall
¢over the extent of expected conditions (e.g. 20 %, 40:%, 60 %, and 100 % relative humidity or
b0 %, 70 %, 80 %, and 100 % relative humidity). Each'curve shall include the dry-bulb temperature
ixpressed as a function of the wet-bulb temperature and relative humidity on which [the curve is

ased.

c) The curves shall fully cover (but not necessarily be limited to) the allowable variations|from design
gpecified in 8.2.4.2.

5.3.§ Performance curves — Scale

Temperature scales comprising the ordinate and abscissa shall be based on increments no greater than

0,2 °C at a spacing no closer than'0,1 °C/mm, to enable reading precision.

5.3.§ Characteristic curves (mechanical draft for basic tests)

Whe
meth
relat
used
asa

temp]
coversa

bristic curve
ily of curves

h the performangce of an open-circuit cooling tower is to be evaluated by the charactg
od, the manyfacturer shall submit tower performance data in the form of a curve or fam

ing tower chraracteristic (KaV//L) to the water/air ratio (L/G), clearly indicating the design L/G to be
for the test evaluation. This relationship can be presented as a formula, with all consta
furveior properly identified family of curves, expressing the effects of variables (such

nts listed, or
hs hot water

5.3.7 Characteristic curves — Scale

If the relationship is presented as a curve, the graphical scaling shall permit the determination of KaV/L
to a minimum precision of three significant figures.

5.3.8 Characteristic equations (natural draft towers for extended tests)

When extended tests are conducted, performance curves are not practical for test evaluation. Instead,
the performance of the tower is assumed to be described by Formula (1) (operating equation) and
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Formula (2) (draftequation) and the manufacturer shall submit polynomials or values for the coefficients
involved in these characteristic equations.

KaV
L

J

Pal

2
pa1 —Paz = (05) —=Cpvy
9gcH

The heat trgnsfer coefficient, C, and the pressure loss coefficient, Cf, are supplied by the manufa¢

in the form
performanc

and 110 % df the water flow rate, and between 80 % and 120 % of the design cooling rahge. The v
of draft height, H, and gross fill plan area, ApjLL, are also supplied by the manufacturer. The avg

velocity of afir through the fill, VA , is calculated by Formula (3).

— 1+
VA = (1+9a)
PA,1AFILL
NOTE The tower thermal capacity obtained in solving the characteristic equations is an approximation

actual thermpl capacity, which performance curves show when drawn according to an exact method. How
this approximation is generally acceptable and is validated by thisdnternational Standard as long as the hot

temperature

5.3.9 Tab
A table shal

point conditiions of

a) the typ¢ of process fluid and, if otherithan water, the composition,

b) the pro
c) thetem

d) thetem

e) the entdring wet-bilb and dry-bulb temperatures,

f) the des:]zn liquid-over-gas ratio (L/G),

g) thedes

ignwind conditions and atmospheric gradient, if applicable, and

C

M

(2)

of a function of the wind velocity at 10 m and of other parameters which affect\the t
e such as the average velocity of the air, Va. The factors C, Cf, and h shall apply between

does not exceed 50 °C.

hlar data

be included on or accompany the performance or characteristic curves listing the d

fess fluid flow rate,
perature of the hot(process fluid entering the tower,

perature of thé cold process fluid leaving the tower,

furer
pwer
00 %
hlues
brage

(3)

bf the
rever,
water

psign

h) the design barometric pressure or altitude.

And, additionally for mechanical draft towers:

a) the design fan driver power (input or output as contractually agreed);

b) the efficiency of the fan driver (if applicable);

c) the density of the air entering the fan(s) at the design operating point;

d) the exponent (EXP) to be used to determine the adjusted test flow rate on closed-circuit towers or,
alternatively, a performance curve relating % capability to % design fan driver power encompassing,
as a minimum, the range of 90 % to 110 % design fan power. In the case when no value is given for
the exponent in the contract, 1/3 could be used, subject to mutual agreement;

16
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f)

g)

h)

b)
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for induced, mechanical draft towers, the volumetric airflow rate entering the fan(s) at the design
operating condition;

for closed-circuit towers including wet/dry, the output power and motor efficiency of the external
circuit re-circulating pump when the pump and piping are supplied by the manufacturer.
Alternatively, when the pump and/or the piping is supplied by others, the manufacturer shall specify
the flow rate of the re-circulating water and the static pressure required at the re-circulating water
inlet connection(s) (or the static head of a gravitational system) to produce the design flow rate;

in the specific case of separate fans serving dry and wet portions of a tower or separate towers, the
manufacturer shall submit dry surface pressure drop and heat transfer exponents as required for

for wet/dry closed-circuit cooling towers, the manufacturer shall provide the fan power requirement
in dry operating mode, if dry performance verification is included in the test.

L

[est preparation

Purpose
purpose of this Clause is to set forth

the responsibilities of the owner or site contractor and the’testing agency in preparipg a cooling
lower for a field performance or acceptance test and

the conditions that shall be present at the time of’the test to ensure the test results accurately
feflect the capability of the tower.

Test scheduling and site preparation

Propler preparation of the cooling tower and scheduling of the test will expedite the actual ftest, control

test

6.2.

The
the

osts, and ensure the measured data-accurately reflect the true capability of the coolinlg tower.

1 Responsibilities

cooling tower owner or'his representative is responsible for helping to arrange the test date with
parties to the test, for preparing the tower for test, and for providing free and safe access to the

towelr and all the instrument and control locations during the test. Execution of the test is cpntractually
defined and preferablyshould be conducted by a suitable, independent third party test agerjcy mutually
agreeable to ownérand manufacturer. The parties to an acceptance test are the owner’s regresentative,

the manufacturer’s representative, and the test agent, if an independent third party agency

6.2.2 Schieduling

The

a)
b)

c)

d)

hetrial date forthe test should he set nn]y after nncnrihg-

the tower is in good operating order;

the necessary provisions for measuring all required test parameters have been installed (see 6.4);

the operating personnel have been advised of the test and the tower is expected to be operating
within the deviations from design conditions allowed by the test code (see 8.2.4 and 8.3.5);

the closer the tower is to operating at design conditions during the actual test, the more likely the
test results will reflect the actual capability of the tower. For this reason, the test codes require the
tower be operating within specific, maximum allowable deviations from design. In towers comprised
of multiple, identical cells, if agreeable to the parties to the test, the number of cells in operation can
be adjusted prior to the test in order to bring the cells being tested within the allowable limits;
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f)

all parties to the test, including the owner, purchaser, and manufacturer and test agent, shall have
been notified of a proposed test date and can be present on site if they so desire;

final confirmation of the test date should be made only after considering the local weather forecasts.
For basic tests, conditions that should be avoided include winds above 4,5 m/s (unless otherwise
contractually specified), continuous rain, thunderstorm activity, dry-bulb temperature below 5 °C,

and high likelihood of a warm or cold front moving through the area.

In cases where it is not practical to measure the wind speed at the top of the shell, an indicator of the
wind conditions at the top of the shell shall be the appearance of plume at the exit. For an acceptable test,
visual observations of the plume shall indicate that the plume completely fills the shell outlet and rises

vertically fo
6.3 Towe

6.3.1 Gen

For the cool
properly an
to conduct 4

6.3.2 Hea

The heat trg

6.3.2.1 Fil

The fill surf]
temperatursg

6.3.2.2 Al

The fill shg
accumulatid
water flow
way to dete
upper one.

6.3.2.3

The heat ex
transfer bey
free of silt, a
the normal {

1303 dict £ H ol Lolf o€l 1o s 4
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r physical condition

eral

ng tower to produce the rated capacity, all of the individual components shall be oper
 be clear of any obstructions or blockages. The manufacturer shaltbegiven an opport
detailed, pre-test inspection of the tower, prior to the scheduled test date.

t transfer media

nsfer media should be in a suitable operating condition.

m-filled open-circuit towers

ace shall be properly conditioned by operation for at least 500 h (for PVC) with hot y
b of at least 32 °C. Other materials can require longer conditioning periods.

open-circuit fill media

Il be operating in an unobstructed manner, free of visible silt, algae, slime, or
ns which cause flow to channel. Such channeling sometimes leaves visible high ang
ireas at the discharge of the fill, indicating a heavy fouling. In any case, the most effe]

psed-circuit towers (including wet/dry)

changers-shall be operating without excessive internal fouling that would restrict
rond thesspecified value. The external surfaces of the heat exchangers shall be operd
lgae, slime, scale, and other accumulations which impede heat transfer or retard or ch3
lew; of air and water.

ating
nity

vater

bther
| low
ctive

't an accumulation of anykind is to inspect an inside layer, if fill is layered, by removinig the

heat
ting,
innel

6.3.3 Wat

er distribution system

Design flow and unobstructed water distribution shall be provided over the heat transfer media (fill)
if the tower is to produce rated capacity. Therefore, the following shall be verified before conducting a

thermal per

a)

flow.
b)
‘)
d)

18

formance or acceptance test.

All nozzles/orifices are properly installed, clean, and in good operating condition.
Circulating water is essentially free of oil or other foreign materials.

The flow rate to the tower (or cells to be tested) is within 10 % of design.

Distribution system is in good operating condition, free of algae, slime, or other obstructions to
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The flow to all hot water basins/cells is balanced.

NOTE

basin (crossflow towers) or the spray pressure at each inlet connection (counterflow towers).

If balancing is necessary, open all balancing valves and check the water level in each hot water

Then, at the

basin/connection with the highest level/pressure, slowly reduce the flow until all levels/pressures are

essentially equal. Serious imbalances can require more than one adjustment.

All bypass valves are operating properly with no leakage across the valve when in the closed
position. At the time of test, all bypass valves shall be locked in the closed position with no leakage.

6.3.4 Mechanical equipment

The fechanical equipment on each cell should be checked to verify

a) the fans and drivers are in good working order, turning freely with no binding otjinterference,

b) the fans rotate in the proper direction, and

c) hen operating within the deviations from design conditions allowed by the test cpde, the fan
dirivers shall be loaded to within 10 % of the design power consumption of the fan.

6.3.3 Drift eliminators

All dfift eliminators shall be properly installed and in good operating condition, free of algae, slime, or

othef obstructions to airflow.

6.3.4 Airinlets

The air inlets to the tower shall be free of all obstructions or blockages which were not c¢nsidered or

accoynted for in the tower selection and desigih."Louvers, if any, are all installed and in their proper

position.

6.4 | Provisions for instrumentation

6.4.1 Description

Unleps otherwise specified\ih the contract documents or through prior agreement, |the agency

conducting the test will provide all the instrumentation required to properly conduct the tejst. However,

it is typically the responsibility of the tower owner and/or site contractor to provide the emperature

taps,| thermowells, Pitet taps, power for instrumentation, other utilities, etc. necessary for the test, as

detalled in Clausé %

6.4.] Temperature measurements

In clgsed conduits, temperature measurements can be made using a flowing tap in the line (§ee Figure 1)

or withatemperature-wel{see FHegure2Hilledwith-a-heateonductingpaste-orflnid—Thestations should

be located at a point where the water is well mixed and, if taps are used, at a positive pressure.
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Key
1 Thermoipneter
2 tee (optipnal)
3 nipple, 12,5 mm x 150 mm
4  gatevalve, 12,5 mm
5 pipe
a  Vertical.
Figure 1 — Temperature tap
//’%
1
Key

1 temperature well

Figure 2 — Temperature well

NOTE Taps should not be used if the continuous bleeding of water from the tap over the duration of the test
would present a system or environmental problem. In open channels, a grid structure can be required to support
and locate temperature sensors. To power the psychrometers, furnish AC power to the tower site with sufficient
extension cords to reach all inlet faces of the tower. Check with the testing agency for the preferred supply voltage.
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6.4.3 Flow measurement

6.4.3.1 General
Accurate measurement of the cooling tower flow rate is essential to an accurate determination of the

cooling tower capability and appropriate care shall be taken in selecting both the instrument(s) to be
used and the point at which the measurement is made.

6.4.3.2 Measurement site

When the flow r ' ' id | ' conduit, the
meagurement station can be situated in virtually any easily accessible line with a positiye pressure,
typidally in the main hot water header or in the individual risers to each cell. If a main header is selected,
mak¢ certain the flow being measured is only for the tower(s) under test and no other flow streams
are gadded or removed between the measurement station and the tower inlet connectfion(s). Flow
meagurements at each individual riser require more time, but they ensure only the flow to the tower(s)
being tested is measured and, where more than one riser is being used, theyprevide information on the
balamnce of flow between cells.

6.4.3.3 Location

Mos{ of the commonly used flow measurement devices require ‘a fully developed velocity profile at
the point of measurement. To ensure accurate measurement; the flow measurement statfion shall be
situated in a section of straight pipe, free of any valves or fitting, extending 20 pipe diametdrs in length.
The measurement station should be located with 2/3 thelength of straight pipe upstreamfand 1/3 the
length downstream (see Figure 3). Compromises in.these criteria will adversely affect thelaccuracy of
the flow measurement and the test result.

In addition to the considerations for accuracy,t is also imperative that the measurement gite be safely
accegsible to test personnel during the test.‘The tower owner and/or site contractor shallfprovide the
necepsary ladders, scaffolding, and safety~harnesses.

La
2/3L . 1/3L
!
|
I S
2 b |
o I N |
Key
a ideally 20D, minimum 10D
b flow

Figure 3 — Flow measurement site

6.4.3.4 Measurement by Pitot tube traverse

When the flow rate to the tower is to be measured by Pitot tube traverse of the conduit, install two taps
at the point of measurement in the same transverse plane through the pipe, separated by 90°, and fit
them with 30 mm or 40 mm, full ported gate valves as illustrated in Figure 4. On large diameter pipes, a
reinforced Pitot tube can be required and the size of the taps and valves increased accordingly. If there
is any doubt to the size, coordinate with the testing agency. Additionally, ensure adequate clearance is
available beyond each valve to accommodate the full length of the Pitot tube for insertion and withdrawal.
As noted in Figure 4, for conduits 600 mm or less in diameter, provide at least 1,3 m clearance. For
conduits larger than 600 mm, provide a clearance equal to three times the conduit diameter.
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Key
1 2 eachof
2  2eachof

a Minimun

6.4.3.5 FIq

Instrumentf
In such case
provisions,
prior to the

6.4.3.6 Mj{

30 mm or 40 mm full ported gate valves
30-mm-diameter clean drilled holes, free of burrs
h clearance: for D < 600 mm, use 1,3 m; for D > 7603mm, use 3D

Figure 4 — Pitot tube taps’and required clearance

bw measurements by other methods

other than a Pitot tube can)be used for flow measurement, some of which are not intru
5, the tower owner and /er’site contractor shall work with the test agent to ensure the pi

scheduled test date:

hkeup flow

Unless the

or other suitable flow measuring device should be installed in the makeup line leading to the towe

akeup.flow can be shut off for several hours for the duration of the test, a volume type n

sive.
oper

s described in the appropriate International Standard, are made for the flow measureient,

neter
I.

6.5 Fan driver input power

For electric motors, provide access at the disconnect switch or the starter for each fan motor to measure
the power input with a portable, clamp-on power meter. If the fan motor voltage is over 600 v, the fan
motor is equipped with a variable frequency drive (VFD), or if the fans are not driven by electric motors,
the tower owner and/or site contractor shall work with the test agent to make such provisions as are
necessary to correctly measure the power input to the fan(s).
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6.6 Site conditions

6.6.1 General

Typically, cooling tower tests are tentatively scheduled by the test purchaser well in advance of the
actual test date. This tentative date should be selected such that the likelihood is high that the required
tower operating conditions and the weather conditions will comply with the test code requirements.

6.6.2 Tower operating conditions

The closer the tower is to operating at design conditions during the actual test, the more likely the test
results will reflect the actual capability of the tower. For this reason, the test codes requirie.the tower be
operfpting within specific, maximum allowable deviations from design.

Thesfe allowable deviations are set forth in 8.2.4 and 8.3.5 of this International-Standarfd and every
efforft should be made to comply with them at the time of the test.

NOTH In towers comprised of multiple, identical cells, if agreeable to the parties to the test, the number of
cells [n operation can be adjusted prior to the test in order to bring the cells-being tested within the allowable
limitg.

6.6.3 Weather conditions

For Hasic test, final confirmation of the test date should be made only after considering the lgcal weather
foredasts. Conditions that should be avoided include

a) yinds above 4,5 m/s unless otherwise contractually specified,
b) ¢ontinuous rain,

c) thunderstorm activity,

d) Iry-bulb temperature below 5 °C, and

igh likelihood of a warm or cold front moving through the area.

6.7 | Miscellaneous

Therf are also several gther aspects of preparing for a test which are not covered in this International
Stanglard, but shall be~addressed to ensure the test proceeds smoothly, on the appointed day. These
de, but are nofilimited to:

hen power input measurements shall be made on electric fans or pump motors, arfange for an
¢lectrieian’to be on site on the day of the test to assist with these measurements.

bimilarly, have operators available on the day of the test should the need arise to adjyst valves or

c) Arrange for security clearances and vehicle passes for test personnel and observers as well as any
necessary plant safety orientations, special training, certificates of insurance, etc.

d) Install all ladders, lifts, scaffolding, railings, and safety equipment necessary to ensure safe access
to the tower and all measurement stations, particularly the flow measurement station, during the
test.

e) See checklist, Annex M.
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7 Instrumentation and test setup

7.1 Calibration

All instrumentation employed during the course of the test shall be calibrated prior to the test.
Calibration shall be traceable to primary or secondary standards calibrated by a recognized authority,
such as a national standards authority, or derived from accepted values of natural physical constants.
Instruments shall be recalibrated on a regular schedule appropriate for the respective instrument and
full calibration records shall be maintained. The minimum calibration frequencies shall be as shown
in A.1.1. An instrument shall also be calibrated whenever it is damaged or its accuracy is called into

question for any otherreason. Addition nﬂy’ atthe request and expense of the test pnrrhncnr’ any and all

instrumentation used on a test can be calibrated before and/or after a test.

7.2 Flow[measurements

7.2.1 Gengral

All tests require measurement of the main circulating water or process fluid flow-rate. Measuremegnt of
the makeup|water flow rate and the blowdown water flow rate might be necessary, depending upoh the
tower operating mode during the test.

The flow rates shall be measured using any of the methods specified\in A.2.2. The method emplpyed,
the location) and the number of measurements taken will depend upon the nature of the installation, the
importance|of the measurement, and the type of test.

7.2.2 Flow rate measurements

The flow rate of the water or process fluid shall be measiited at a point where a well-developed velpcity
profile exists, preferably in the piping leading tocthe tower. The measurement location should be
20 diameters downstream and 10 diameters upstream of any obstructions or transitions in the piping.
Measuremept stations with insufficient upstréam and downstream distances will have significant,
adverse impact on the velocity profile and the accuracy of the measurement and should be resolutely
avoided.

7.2.3 Inspections of measurement devices

Flow mea51:E”ement devices, whether temporarily or permanently installed, shall be inspected prior to
the test for ¢limensional confeymity and functionality.

7.3 Temperature mreasurements

7.3.1 Gengral

perature-shall be-measuredusin g any of the methods specifiedin-Annex A The tempera

sensitive elements shall be carefully located to ensure the measurement is representative of the true
bulb temperature of the fluid at the point of measurement.

The indicator or recorder shall be graduated in increments of not more than 0,1 °C and be readable
to £0,05 °C. The temperature-sensitive element shall be accurate to £0,05 °C.

7.3.2 On-site comparison

Prior to the test, an on-site comparison of all temperature sensors shall be conducted. In the case of
electronic data acquisition systems, this shall be performed after all wiring connections are made. If in
doubt, atemperature sensor will be compared to another similar sensor and replaced if it is questionable.
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7.3.3 Water/process fluid temperatures

7.3.3.1 General

The temperatures of the water/process fluid shall be measured at full flowing bleeds, directly in the
process stream or in thermometer wells installed at the point of measurement. Thermometer wells shall
be filled with a thermal conducting liquid or paste to ensure the temperature-sensing device is exposed
to a representative temperature.

7.3.3.2 Hot water or process fluid temperatures

The temperature of the hot water or process fluid entering the tower shall be measured, |n the tower
riser{s) or at the discharge of the inlet riser(s) into the distribution system or, for a~multji-cell tower,
in the supply header just upstream of the first riser. For closed-circuit towers, incliding yet/dry, the
temperature of the hot process fluid entering the tower shall be measured at'thé inlet|to the heat
exchanger or, for towers with multiple heat exchangers or cells, in the supply header just upstream of the
inlet|connection to the first heat exchanger. For either type of tower, if the source is a mixtyre of two or
more streams at different temperatures, complete mixing shall be ensured-at the point of measurement
or suffficient flow rate and temperature measurements of the individual streams shall be made to ensure
an adcurate weighted average fluid temperature.

7.3.3.3 Cold water or process fluid temperatures

Althgugh other locations can be used, the temperature of'the cold water leaving the tower should
preferably be measured at the circulating pump discharge for best mixing, and the average measured
valug¢ corrected for heat added by the pump in accordafice with 9.2.4. For closed-circuit towefs, including
wet/dry, the temperature of the cold process fluidleaving the tower shall be measured at the outlet of
the heat exchanger or, for a tower with multiple:h€at exchangers or cells, in the header just downstream
of the last outlet connection. For either type of tower, if the best available measurement |s made at a
locatfion such as a water discharge flume where temperatures and velocities are not unifdrm over the
stregm cross section, sufficient flow rate measurements should and temperature measur¢ments shall
be miade to ensure an accurate, weighted average fluid temperature.

7.3.3.4 Makeup water temperature

If thg makeup system is running during the test, the temperature of the makeup water shall he measured
at the point the makeup-water enters the system.

7.3.3.5 Blowdown temperature

If the blowdowl system is operative during the test, the temperature of the blowdown water shall be
meagured at-the point the blowdown leaves the system.

7.3.4 ““Entering air temperatures

7.3.4.1 Required entering air temperature

Entering air wet-bulb temperature is required for all cooling-tower tests. Entering air dry-bulb
temperature is required for forced draft and natural draft towers to determine the thermodynamic
properties of the air entering or around the tower and for induced draft configurations to facilitate the
determination of the psychometric properties of the air entering the fan(s) and/or when estimating the
evaporation rate.

7.3.4.2 Measurement stations

Air temperature measurement stations shall be located 1,5 m from the cooling tower air intake(s). A
sufficient number of measurement stations shall be employed to ensure the average of the test readings
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yields an accurate representation of the true inlet wet-bulb temperature. Requirement for the minimum

number and

location of measurement stations is given in Annex C.

7.3.4.3 Dry-bulb temperature

When the entering air dry-bulb temperature measurement is for the sole purpose of determining the
physical properties of the entering air on a mechanical draft tower, this can be achieved, in most cases,

by means of

a single measurement station, or at most two stations.

7.3.5 Ambient air temperature

Ambient air
shall be plag

dry-bulb temperature, Ty, is required for natural draft cooling towers. This measure

in an open and unobstructed location.

7.3.6 Atmlospheric gradient for natural draft

The inlet dn
used to detd

rmine the inlet-air density which, in turn, is part of the driving foréethat makes the co

tower perform. The following are the dry-bulb temperature measurement.requirements for na

draft towery.

a) For the
gradien|
of the d

ment

ed at a fixed meteorological mast of 10 m height, located at least 300 m from the tower, and

y-bulb temperature gradient is a critical measurement on natural draft towers sincg it is

pling
[fural

direct measurement of natural draft cooling tower vertical’'ambient dry-bulb temperature
L, the plan location of the instruments shall be neither dgwnwind of nor within the inflyence
ooling tower or any other site sources of turbulerice’ or thermal gradients which might

substantially affect the measured data. The vertical elevations shall be as specified in Annex A.

Instruni
agreem

b) Asanin
instrumn
instrun
the eley
instrun]
the inst
heating
upon by

c) Asanot
with thq

=1 < Tenq

7.4 Presq

entation locations and techniques will be site*specific and shall be based upon m
Pnt prior to testing.

dicator of the vertical dry-bulb temperature gradient on natural draft towers, two dry

ation of the top of the air inlet'if’the location otherwise satisfies the criteria herein
ents shall not be place downwind of the cooling tower. Every effort shall be made to
Fuments in locations not subjéct to radiation or to convective air heating effects due to

the parties to the test:

e average entefing dry-bulb temperature, Tent, and only consider test periods such as:

- Tam <0

ure measurements

itual

bulb

ents shall be located at the same cirguniferential near or above the top of the air inletl The
ent placed near or above the top.ef-the air inlet can be located on a stairway at or above

The
blace
solar

of the shell. The placenient of the gradient indicator instruments shall be mutually agreed

her indicator, weshall compare the ambient dry-bulb temperature, Tan, (as defined in 73.5),

7.4.1 General

Pressures shall be measured using any of the devices specified in Annex A as appropriate for the
magnitude of the pressure to be measured.

7.4.2 Pressure taps

Tappings into conduits for pressure measurements shall be 3 mm or less and be free of burrs and other
irregularities.
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7.4.3 Heat exchanger pressure drop

Measurements for determining the pressure drop of the process fluid across the heat exchanger of a
closed-circuit or wet/dry tower shall be made in accordance with A.4. The stations shall be located as
closely as possible to the contractual inlet and outlet locations of the heat exchanger(s). Corrections
shall be made for fitting losses, changes in pipe size, etc. that produce pressure differences between the
measuring stations and the contractual locations.

7.5 Fan/pump driver power

7.5. Cn“avnl

cIrcTrar

The power consumed by the fan/pump driver shall be measured. If the tower performance is based
on driver output, the measured power input shall be adjusted for the efficiency of the driver using the
efficlency provided by the driver manufacturer.

7.5.2 Electric motors

In the case of electric motors, power input shall be determined by direcP measurement of the kilowatt
input at a location such that the instrumentation can accurately measure the total power [input to the
devige. A line loss correction shall be made, unless otherwise agréed by all parties.

7.5.3 Variable frequency drives

If the electric motor is equipped with a variable frequency drive (VFD) or other power altering device,
apprppriate actions (such as bypassing the device) shall be taken to ensure an accurate measurement
and that no speed changes are made to the fan overthe duration of the test.

7.6 | Wind velocity (speed and direction)

7.6.1 General

Wind velocity shall be measured with any of the devices specified in Annex A, preferably remote reading
and yecording. The number of'measurement stations and their location is dependent upor) the type of
tower under test and the test type.

7.6.2 Mechanical draft'towers

For mechanical drafttowers, the wind velocity measurement shall be made in an open and upobstructed
locatfion, upwind-of the tower and beyond the influence of the inlet-air approach velocity. (are shall be
taken to ensure the recorded wind speed and direction are representative of wind conditigns affecting
the fower-Placement of the wind measurement device shall be subject to mutual agregment by all
partJes to.the test. Wind direction shall be recorded in compass degrees with the reference forth clearly
indidated.

7.6.2.1 Tower heights less than or equal to 6 m

For cooling towers with an overall height of 6 m or less between the basin curb and discharge elevations,
the wind velocity shall be measured 1,5 m above the elevation of the basin curb, at a point within 15 m
to 30 m of the tower, if practical.

7.6.2.2 Tower heights greater than 6 m

Where the distance between basin curb and the discharge elevation exceeds 6 m, the wind velocity shall
be measured at a height above the curb elevation that is approximately one-half the difference between
the curb and discharge elevations and at a distance of at least 30 m from the tower, if practical.
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7.6.3 Natural draft towers

7.6.3.1

Inlet

For natural draft towers, the wind velocity shall be measured at a height equal to one-half the inlet
height and a distance from the cooling tower that is at least twice the air inlet height and no less than
a quarter of the base diameter of the tower. When conducting extended tests, a fixed meteorological
tower/mast, typically 10 m height, can be used if located at least 300 m from the tower and in an open
and unobstructed location.

7.6.3.2 Di

scharge
O

For natural
the discharg
if practical.
should be ay

An indicatol
For an accef
shell outlet {

In the case (

7.7 Towe
Two measuf
a) thegau

b) the med
water i

7.8 Wate
A sample of

if any partig
laboratory

8 Execut

8.1 Requirements)for testing type

Execution o
type of test

draft towers, the wind velocity shall be measured in a horizontal plane extending thr
e opening at the top of the shell at a point within 45 m to 450 m from the edge’ofthe

bituations where there is a strong wind at the discharge and little or no windab the air
oided.

" of the wind conditions at the top of the shell shall be the appearanee, of plume at the
table test, visual observations of the plume shall indicate that the plume completely fill
ind rises vertically for a minimum distance of approximately one:half of the outlet dianj

f extended tests, top of shell wind speed parameter is not rélévant.

r pump head
ements are required for determining tower pumping head:
be static pressure at the centreline of the watetinlet connection;

sured, vertical distance between the top of the basin curb and the centreline of th
1let connection.

I or process fluid analysis

the circulating water and,~where applicable, the process fluid shall be taken during th¢
s to the test question water quality. The sample shall be analysed by a reputable te
o determine the compasition of the fluid.

fion of test

[ tw0 types of tests, basic and extended, is described in this Clause. The decision to ruj
rather than the other depends on the type of tower (extended tests typically only app|

ough
shell,
inlet

exit.
s the
leter.

b hot

e test
sting

I one
ly on

natural dra

[t cooling towers) and on the contract (guarantee parameters involved). basic tests

take

place over a short duration. Extended tests require longer duration and an unattended data acquisition

is required.

8.2 Basic tests

Basic tests are appropriate for all types of cooling towers.

8.2.1 Duration of the test period

A test period (see definition in Clause 3) lasts 1 h plus any thermal lag time, if applicable.

A valid test period fulfils all requirements listed in 8.2.4.
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valid test periods will be considered in an acceptable test.

8.2.2 Required number of valid test periods

The minimum number of valid test periods required for mechanical draft is one and for natural draft is
six collected over 2 d. Test periods shall not overlap. The results of all valid test periods shall be taken
into account in the acceptance test.

8.2.3 Test measurements

Tests can be categorised as either engineering grade or survey grade depending upon the
freqlliency of acquiring the test readings.

8.2.3

Engi
elect]
nog
requ
for a

8.2.3

.1 Engineering grade

heering grade is the more rigorous and preferred method of acquiring test data. An|
ronic data acquisition shall be employed to scan all measuring instrumients at regul
reater than 15 s in duration. Test readings shall be comprised of ngless than four s
red instrument averaged over a 1 min period (see Table 2). Engineergrade tests are re
cceptance and certification testing.

.2 Survey grade

In survey grade tests, readings shall be taken and recorded‘manually at regular intervals
periaqd, as specified in Table 2.

8.2.
Ate

8.2.
a)
b)
‘)
d)

e)

Validity conditions for basic acceptance.tests

period shall be valid only if the requirements below are met.

.1 Climatic condition requireménts during the test period
o rain, snow, or hail.

o fog; the difference between dry-bulb and wet-bulb temperature shall be greater tha
he wet-bulb temperature of the ambient air shall be greater than or equal to 2 °C.

f no other limit§-are specified in the contract, the average wind speed (see 7.6) shal
m/s for naturaldraft and 4,5 m/s for mechanical draft. Gusts of more than 5 m/s for 1
nd 7 m/s fer‘mechanical draft shall not occur more than 10 times within an hour.

hen testing natural draft towers, itis recommended that the following climatic condit
chieved during the hour preceding the start of any valid test period: the average vert

method and

automated,
ar intervals
tans of each
commended

ver the test

n 0,5 °C.

| not exceed
atural draft

ons are also
ical ambient

1y-bulb temperature gradient G shall be within 0 °C/100 m of height and 1 °C decred

se/100 m of

hefght-Referto 7.36-

f) Ifthe indicator defined in 7.3.6 c) is used, the validity condition shall be: -1 < Tept — Tam < 0.

8.2.4.2 Variations from design

The test shall be conducted within the following limitations.

The following variations from design conditions shall not be exceeded:

a) wet-bulb temperature: £8,5 °C;

b) dry-bulb temperature (if applicable): +14,0 °C;

c) range: +20 %;
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d) circulating water flow: +10 %;

e) barometric pressure: 3,5 kPa;

f) fandriv

er power: 10 %.

g) water/process fluid quality: The quality of the water/process fluid, or in the case of closed-circuit
cooling towers, the re-circulating spray water, shall be as follows.

1) Dissolved solids or suspended solids shall not exceed 5,000 mg/l, or where specified in the
contract documents, 1,1 times the specified value.

2) Corntent of ofl, tar, or fatty substances, as determined by a recognized national standard,|shall
notlexceed 10 mg/L for splash fills and 1 mg/L for film fills.

3) For|wet/dry towers, the limits for variation of design conditions during dry operation and for
forgign substances in the circulating water shall be by prior mutual agreement-between the
purichaser and the manufacturer.

Table 2 — Basic test — Frequency of readings and units of measure
Readings per hour, min.
M¢asurement Engineering Survey Units Recordutl(l)i;learest
grade grade
Entering wet-bulb temperaturea 60 12 °C 0,05
Entering dry-bulb temperature 60 12 °C 0,05
Cold water t¢mperature 60 12 °C 0,05
Hot water temperature 60 12 °C 0,05
Water flow rpteb 1 1 m3/h 0,5 %
Tower pumpjng head 1 1 M 0,01
Fan driver ppwer inputc 1 1 kW 0,5 %
Wind velocitly 60 cont. m/s 0,5
Makeup temperature 60 2 °C 0,05
Makeup flowd 2 2 m3/h 0,5 %
Blowdown t¢mperature 60 2 °C 0,05
Blowdown flowd 2 2 m3/hr 0,5%
Barometric pressure 60 1 kPa 0,01
Atmospheriq gradiente 1 1 °C/100 m 0,05
Wind speed at tower exite 1 1 m/s 0,5
Spray water kemperaturef 60 12 oC 0.05
Heat exchanger pressure drop 3 3 kPa 0,01

a  Orrelative humidity and dry bulb.

b Three centre point readings per hour for comparison with full traverse reading (when measurement is made by Pitot
tube traverse) to confirm variations in flow have not exceeded the allowable limit.

¢ If applicable or required. For wet/dry closed-circuit cooling towers during dry operation, the same requirements as
indicated in this table apply.

d  If makeup and/or blowdown can’t be turned off during the test.
e For natural draft or fan-assisted natural draft.
f  For closed circuit.

NOTE Depending on the fluid type, the chemical composition can be analysed. In case of glycol solutions with known
glycol properties, it is sufficient to measure the glycol concentration.
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Table 2 (continued)

Readings per hour, min.
Measurement Engineering Survey Units Recordutlcl)i:nearest
grade grade
Spray pump power 1 1 W 0,5%
Fluid type 1 1 X X

a

b

C

d
e

f

tube

indicpted in this table apply.

NOTH
glycol

Or relative humidity and dry bulb.

Three centre point readings per hour for comparison with full traverse reading (when measurement is

RN £ . : - 1 DR TR 13 PR TR R
[[dVETSE) LU CONTITIT VAT TAUTUIIS TIT TIOW TIdVE TIO T EXLECUTU LT d11I0OWdDIT I,

If applicable or required. For wet/dry closed-circuit cooling towers during dry operation, the samle, re

If makeup and/or blowdown can’t be turned off during the test.
Hor natural draft or fan-assisted natural draft.
Hor closed circuit.

Depending on the fluid type, the chemical composition can be analysed. I case of glycol solution
properties, it is sufficient to measure the glycol concentration.

made by Pitot

juirements as

s with known

8.2.4

Scatter is the maximum permissible variation of any observation. It represents the greatest
difference between the maximum and minimum instruni€ent readings during the period.

Wheh expressed as a percentage, the maximum allowable variation is the specified perce
arithmetical mean of the observations. For a valid period, variations shall not exceed the folld

a)
b)
‘)
d)

.3 Constancy of test conditions

Lirculating water flow rate shall not vary by more than +1,5 % from the average periog
Heat load shall not vary by more than+2,5 % from the average period value.
Range shall not vary by more than/+2,5 % from the average period value.

Further,anindividual readingofthe enteringair temperature (e.g. the average of all the ps
feadings at one time interval) shall not deviate from the overall average for the dut
period by more than the following:

1) wet-bulb temperature: 1,5 °C;
1) dry-bulbitemperature: +4,5 °C (if applicable, e.g. testing wet/dry tower in the dry 1
3) trendsy The temperature of the entering air, as measured at individual psych

least squares trend in the reading average (average for all stations) for the test per

permissible

ntage of the
wing limits.

| value.

ychrometer
ation of the

node);

rometers or

determined at dry-bulb sensors and hygrometers, can fluctuate during the period, but the linear

jod shall not

exceed the following:

i.  Wet-bulb temperature: 1 °C per hour.

ii.
mode).
iii. Cooling range: 1 °C per hour, or 10 % of the test range, whichever is less.

iv.

Dry-bulb temperature: 3 °C per hour (if applicable, e.g. testing wet/dry tower in the dry

Itisimportantto limit the magnitude of these trends for the following reasons. A sufficiently

large, gradual, downward trend in wet-bulb or dry-bulb (wet/dry, opened or closed, natural
draft and fan-assisted natural draft) will tend to make the tower result look worse than the
tower result would be at steady wet-bulb. Likewise, a sufficiently large, gradual, upward
trend will tend to make the tower look better than at a steady wet-bulb temperature.

Similarly, a sufficiently large, gradual, downward trend in cooling range will t
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the tower result look worse than at a steady cooling range. Conversely, a sufficiently |
gradual, upward trend in cooling range will tend to make the tower result look better
at a steady cooling range.

8.2.5 Datarecording

arge,
than

Valid test periods can be consecutive, but not overlapping, as long as validity requirements are fulfilled.

When a measurement requires several probes, the data from each probe shall be recorded independently
and the value of the parameter equals to the arithmetic average of all the readings. Then, the value of
each parameter for the test period is an arithmetic average of the successive readings within the test

period (see |
8.3 Extern

8.3.1 Gen

Extended te
when the ¢
approach) a

8.3.2 Dur

A test perio

8.3.3 Req

A minimum
shall be takd

8.3.4 Freq

Measureme
are requireg

[Tause 9J.
)ded tests

eral

5ts enable an actual verification of wind effect on tower performancé. They are approp
pntract requires that the supplier guarantees the average cold-Wwater temperatur
5 a function of all main parameters, including wind speed.

ation of the test period

| (see definition Clause 3) lasts 10 min.

uired number of valid test periods

of 300 valid test periods are required for an‘acceptance test. All valid test periods recg
N into account in the acceptance test.

juency of measurements in an externided test

I, due to the fact that extended tests take place over several weeks.

ity conditions for extended tests

I shall be valid ofily-if the requirements below are met.

'matic condition requirements during the period

snow,“or*hail.

riate
e (or

rded

hts shall be taken and recorded at regular intervals over a period (see Table 3). Recordlings

Lhie-difference between dry-bulb and wet-bulb temperature shall be greater than 0,5 °(.

The wet-bulb temperature of the ambient air shall be greater than or equal to 2 °C.

In the event of high obstacles (other cooling tower, turbine building) being in the vicinity of the

cooling tower, only those test periods for which the wind does not come from the direction of these
obstacles are taken into account.

< (0,5 Vayg + 0,2 Vayg).

The standard deviation, s, of the average wind velocity (Vayg) in the period shall be less than a limit

The average vertical ambient dry-bulb temperature gradient G shall lie within 0 °C/100 m of height

and 1 °C decrease/100 m of height (see 7.3.6); if the indicator defined in 7.3.6 b) is used, the average
dry-bulb temperature near the top of the air inlet shall not be higher than the average dry-bulb
measured on the same circumferential 1,5 m above grade level.

8.3.5 Vali
A test perio
8.3.5.1 Cli
a) Norain
b) No fog;
c)
d)
e)

value: s
f)
32
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g) Maintain constant basin level with makeup flow rate.

8.3.5.2 Variations from design

The following variations from design conditions shall not be exceeded in a test period:
a) wet-bulb temperature: £8,5 °C;

b) dry-bulb temperature: £14 °C;

c) circulating water flow rate: +10 %j;

d) tange: +20 %;
e) barometric pressure: +3,5 kPa;

f) yater/process fluid quality: The quality of the water/process fluid, or in thecase of closed-circuit
¢ooling towers, the re-circulating spray water, shall be as follows.

1) Dissolved solids or suspended solids shall not exceed 5,000 mg/], or where spe¢ified in the
contract documents, 1,1 times the specified value.

2) Content of oil, tar, or fatty substances, as determined byra récognized national stagndard, shall
not exceed 10 mg/L for splash fills and 1 mg/L for filmdfills.

3) For wet/dry towers, the limits for foreign substangés in the circulating water shal] be by prior
mutual agreement between the purchaser and the'manufacturer.

Table 3 — Extended test — Minimum frequéncy of recordings and units of megsure

Measurement t::il;jg'lil:(; ;zidsitl:\%?({ n Units Record to nearest
Entefing wet-bulb temperature 10 °C a,05
Entefing dry-bulb temperature 10 °C d,05
Ambjent dry-bulb temperature 10 °C d,05
Cold|water temperature 10 °C d,05
Hot yvater temperature 10 °C 4,05
Watgr flow rateb 1 m3/hr 05 %
Tow¢r pumping head once/test m g,01
Wind velocity 60 m/s D,5
Make¢up temperature 10 °C d,05
Mak¢up, flowb 1 m3/hr 0f5 %
Blowdown temperature 10 °C 4,05
Blowdown flowb 1 m3/hr 0,5 %
Barometric pressure 10 kPa 0,01
Atmospheric gradientc 1 °C/100 m 0,05
Wind speed at tower exitc 1 m/s 0,5

a  Relative humidity and dry bulb.
b In case of constant water flow rate (flow produced by pumps, without adjusting mechanism on
the circuit). This flow rate should be measured only once for the whole acceptance test,

preferably at the beginning of the test.

¢ Direct measurement (if practical) or through indicator (see A.6.2).
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8.3.5.3 Constancy of test conditions

During the hour preceding the end of the test period:

not exceed 5 % of the average value.

t exceed 1 °C.

temperature readings shall not exceed 0,2 °C.

a)
b)
shall no
c)
8.3.6 Con

A test perio
validity req

When a mea
of all the red
successive 1

9 Evalud

9.1 Gene

The thermal
under specif
between thg
to the desig
guaranteed
period.

9.2 Comyp

9.2.1 Det

The individjial, consecutive testTeadings for each parameter shall be arithmetically averaged ove

duration of
corrected fd

The difference between the maximum and minimum values of the cooling range on the tower shall

The difference between the maximum and minimum values of the temperature of the cold water

During the test period, the variation from the maximum to the minimum in the average cold water

ducting an extended performance test

d shall last 10 min. Valid test periods can be consecutive, but not overlapping, as lo
hirements are fulfilled.

surement requires several probes, the value of the parameter equalsthe arithmetic ave
idings. Then, the value of each parameter for the test period is an arithmetic average (
eadings within the test period. See Clause 9.

tion of tests

ral

performance of a cooling tower is its ability to proeduce guaranteed cold water tempera
ied operating conditions and inlet-air conditigns. This can be verified by a direct compa
test results and the manufacturer’s perfetmance curves or by reference of the test re
h conditions using characteristic curve@nalysis. When extended tests are carried ou
temperature is calculated as a functién of the different measured parameters for eacl

Jutation of test period valutes from test reading values

rrmination of measured test values

the test periodto-Obtain the measured test value for that parameter. Test readings sh{
r instrument«alibration.

g as

brage
fthe

ures
rison
sults
L, the
1 test

r the
11 be

with

):

9.2.2 Thermallag

If the test dyration extending from t1 to t2 includes an extension (S) for thermal lag, in accordance

4.4, the following readings shall be averaged over the fiTSTtime period extending from t1 to (T2 — 9

a) hotwater (process fluid) temperature (Tyw);

b) dry-bulb temperature (Tpg);

c) wet-bulb temperature (Twg) or relative humidity (RH) and dry-bulb temperature (Tpg);

d) flow rate of circulating water (process fluid) (Qw);

e) flow rate and temperature of any water other than the circulating water entering the tower basin
[e.g. makeup (@mu and Tmu)l;

f) fan driver power (Wpm).

34
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The remaining measurements shall be averaged over the latter period extending from (t1 + S) to t:

a)

temperature of cold water (process fluid) leaving the tower (Tcw);

b) flow rate and temperature of any flow stream leaving the tower basin [e.g. blowdown (Qpp and

Tgp)].

9.2.3 Hot water (process fluid) temperature

The test hot water (process fluid) temperature (Tyw) used to evaluate the tower performance shall be

b)

jower and the suction of the re-circulating pump, no adjustment to the measured tem
pump energy is necessary.

If the test cold water temperature was measured on the discharge side of the re-circu

or throttling process using Formula (4).

]

, P
W, adj = (Tcw’t) ~0,002 39 {7713]

If the test cold water temperattire was measured on the discharge side of the re-circu

inefficiency of the pumpusing Formula (5).

]

1_
[cw, adj = (Tcw,t) <0,00239 (Py—Py) [ nZPJ

;ilsing a flowing bleed stream open to the atmospliere, the measured temperature shall

on of the test

pe used.

mance shall
ation of the
hall be used.
y other heat

ction on the
perature for

[ating pump
be adjusted

(4)

[ating pump

Junsing a closed well, the méasured temperature shall be adjusted for the heat added due to the

(5)
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9.2.5 Makeup and blowdown adjustments

For open-circuit cooling towers, if the makeup is injected and/or the blowdown is removed upstream
the cold water measurement section, then the test cold water temperature shall be adjusted for the
effect of makeup and/or blowdown, using Formula (6).

Tew =

(ew)(Tew, agj) + (@8D)(TBD) = (€ ) (M)
(ew) + (eBp) - (@mu)

(6)

For closed-¢
be adjusted

QpET,

9.2.6 Ente

The test va
temperaturg
of test to col

[Twn)

and

B0

and the sloj
period shall

a)
b)

NOTE

+1 °C pe
%3 °C pe¢

9.2.7 Ambientair temperature

These conditions are not applicable for extended tests (see 9.3).

ircuit cooling towers, the evaluation procedure calls for the flow rate of the process fly
to account for the effect of makeup and/or blowdown, using Formula (7).

(Trw - Tmu) (pw) (Cp,w)
Tupr - Tcpr) (Ppr) (Cp, pr

i1 = (Qpr ) - ( ] (emu)

bring air temperatures

ues for the entering air wet-bulb temperature (Twg) and) when required, the dry
e (Tpg) shall be the arithmetic average of their respectivereadings taken over the dur
mply with the requirements of 8.2.4.3.

- ? WB |S 1,5°

—%DB|S4—,5°

e AT/At of a least square fit to the measured temperatures over the duration of thd
not exceed:

r hour for wet-bulb-temperatures;

r hour for dry<bulb temperatures.

id to

(7)

bulb
htion

(8)

(9)

test

£, £l 1 £ o £ 1o 1l | U P | S 4 Lollbo +1 4+l A3
UT S TUI L1IIT AdlIllIUITTIILU dIT VWl lU"DuUul1lD d11u vwC Ll oul1u LCllllJCl dlUI TOo S1lidIT T LIt aritiicteic av

The test val

of the readings taken over the test period.

9.2.8 Fan

driver output power

If applicable, the fan driver output power shall be computed using Formula (10):

WEMt = (kWFM,t) (gm)

9.2.9 Validity of test

36

rage

(10)
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(11)

(12)

M 4l <0025
at
R
M 2 goz2s
Rt
W |
FM’t — 1. <01 M/Frvid
WEM,d '

9.2.10 Wind velocity

.10.1 The recorded values for wind speed and direction shall be reviewed for conforman
4} as applicable.

(13)

re to 8.2.4 or

9.2.10.2 The vertical dry-bulb temperature gradient, either by the actual or the indicafor, shall be

calclated as 100 times the higher elevation temperature (°C){ninus the lower elevation

femperature

divided by the higher elevation (m) measured minus the lowerelevation, expressed in metres. The result

is expressed as °C/100 m.
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9.2.11 Tower pumping head

When pressure readings are taken at multiple inlets, the measured test values shall be corrected to the
centreline of the inlet connection, if necessary, and combined by averaging the readings arithmetically
to a single value.

— 1) n
PsT = (j 2 PsT(n)
n) (14)

Then determine the test value of the velocity at the tower inlet connection(s) based on the measured test

flow rate an(d the total area of the inlet connections.
1000 x Q¢
TLETITTTa
¢ (15)
Next, deterthine the velocity pressure of the re-circulating water at the inlet to the tower
PW X Vl%,t
Pyt 3 200
(16)
and determine the total measured tower pumping head at test flow as
Hpy = Pyt + Pore + ¥Z; (17)
The pumpinig head corrected to design flow is
0 2
w,d
H, = (Pv1 +PST1) ’ + YZ;
P,d QW,t
(18)
9.2.12 Cloded-circuit tower heat'exchanger pressure drop
The static pfessure at the iriletand outlet nozzles of the heat exchangers shall be measured in accordance
with the prqvisions of A4
1,8
Q
PF,d
AP HE,adj &) AP HE t
=y
k PF,t (19)

9.3 Basic thermal performance test evaluation (for all tower types)

The performance of a cooling tower can be evaluated from the measured test data using either the
performance curve method (preferred) or the characteristic curve method, as agreed by the parties to
the test, prior to the test.

9.3.1 Methodologies, a discussion

The characteristic curve analysis typically includes some simplifying assumptions which increase the
inaccuracy oftheresultas the deviations between the measured test conditions and the design conditions
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increase. Additional inaccuracies are introduced when attempting to use this essentially counterflow
methodology to evaluate crossflow cooling towers, although these can be partially mitigated through
the use of adjustment factors. Therefore, the characteristic analysis is presented in this test code for
open-circuit, mechanical draft cooling towers primarily as a means to evaluate the performance of an
existing cooling tower for which the manufacturer’s performance data are not available. It should not be
used for acceptance or certification testing.

9.3.2 Psychrometrics

A single set of official psychrometric formulae has been adopted and is included in the code both in
tabular form for ease of use and with source code for computer application. The purpose of including
thesi data is not to endorse any one set of psychrometric formulae, but to adopt an easily.alvailable and
computer friendly basis so that all persons calculating test results from this code will.obtain the same
answer from the same input data. This psychrometric information is included in Anfiex'D.

9.3.3 Open-circuit, mechanical draft towers — Performance curve method

The formats for the performance curves and data submitted by the manufacturer are described in 5.3.2,
5.3.5 and 5.3.9.

9.3.3.1 Evaluation by flow rate capability

The
perfq
mea

cooling tower performance can be evaluated in terms$«<of flow capability where thie measured
rmance is expressed as a percentage of the flow rate predicted by the manufacturer’s|data for the
ured test conditions. An example of this methodology is given in Annex F.

9.3.3.1.1 Determination of the predicted flow rate

The
mani
curv
fore
to cqg
at th
Usin
Ente
curv

9.3.3

Forc
prop,

9.3.3

predicted flow rate for the measured test conditions shall be determined by cross
ifacturer’s performance curves. A suitable procedure consists of first entering the ma
bsatthe measured testwet-bulb temperatureand determiningthe associated cold watert
hch combination of range and flow rate. Using these data, prepare a crossplot relating c
Id water temperature with the three water circulation rates as parameters. Enter t
e measured test range and determine the cold water temperature associated with ea
b these data, develop a second crossplot relating cold water temperature to water circ
- this final curve at the ‘eerrected test cold water temperature and from the intersect
b, determine the predicted flow rate for the measured test conditions.

.1.2 Deterniination of psychrometric properties of air at fans

pd draft and induced draft tower configurations require different procedures for detg
erties ofithe air entering the fans.

.122.1 Forced draft units

plotting the
nufacturer’s
emperature
boling range
is crossplot
th flow rate.
ulation rate.
on with the

rmining the

For forced draft towers, the fan inlet-air conditions are the same as the tower inlet-air conditions.
Therefore the test density (pa1,t) and the test specific volume (va1,t) are computed directly from the
measured test wet-bulb temperature, dry-bulb temperature, and barometric pressure. The design
conditions at the tower’s air inlet shall be supplied by the manufacturer.

9.3.3.1.2.2 Induced draft units

For an induced draft tower, the condition of air at the inlet to the fan(s) is the tower discharge condition
and both the design and test discharge air properties shall be determined by a heat balance calculation.
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The heat balance formula states that the heat gain of the air as it moves through the cooling tower equals
the heat loss of the water such that:

L x (CP,

w) * (Taw - Tow) = G x (haz — ha1)

Rearranging terms to isolate the value for exit air enthalpy, the heat balance formula becomes:

hpo =

which can b
data supplig
be saturate
properties f]

The test dis
reducing te
expression (
for specific

enthalpy of
air:

hpaze =

where K7 and K3 are constants derived by combining theZlknown numerical values.

At this poin{
(vaz,t) for sg
value for en
and the prod
the actual v
the density

9.3.3.1.3 1]

The adjuste
above in 9.3|

Qw,tadj

G) X (CP,W) X (Thw - Tow) + han

(20)

(21)

e solved directly for the enthalpy of the leaving air at design conditions, by submittin
d by the manufacturer. The air leaving the tower and entering the fan(s) is‘@assum
[l at this enthalpy, and the remaining properties can be found using the thiérmodyn|
br moist air from Annex D.

"harge air properties are calculated by substituting all known values-into Formula (21
ms to express the test (L/G)t as a function of discharge air density and’specific volume
f (L/G)tis then substituted into the heat balance Formula (20) along with the known v
heat, temperatures, and enthalpy of the entering air and combining terms to expres
the leaving air as a function of the density (paz,t) and spegific volume (vaz ) of the les

(K1) x (vaze) + K2

, a leaving air temperature is assumed,and the values of density (pa2,t) and specific vo
turated air at that temperature aresused to solve the formula for enthalpy. The calcu
halpy is then compared to the actualenthalpy of saturated air at the assumed temper;
essrepeated with a new assumed.air temperature until the calculated value closely ma
hlue. Then, the psychrometrig properties of saturated air at that temperature are use
hnd specific volume of the-air entering the fan(s). A detailed example is given in Annex

Determination of the adjusted test flow rate

d test flow rateis determined from Formula (23) below, using the procedure desc
3.1.2 to determine the density of the air entering the fan(s).

ol )

WEM,d
WEM

PAL
PAd

g the
bd to
amic

and
This
hlues
s the
ving

(22)

lume
lated
ture
‘ches
d for
F.

ribed

(23)

9.3.3.1.4 Determination of the tower capability

The capability, Ccap, expressed in percent of design circulating flow, is then computed using Formula (24).

Ccap =

40

Q .
100 W,t,adj
QW,pred

|

(24)
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9.3.3.1.5 Multiple valid test periods

Where there are multiple valid test period results to be averaged, Formula (25) shall apply.

c Llse
CAP = (njizi CAP(n)

(25)
9.3.3.1.6 Compliance
The tower shall have achieved the guaranteed condition if
CCAP + ICAP > 100% (26)

whette Icap = 0, unless specified differently in the contract.

9.3.3.2 Evaluation by approach deviation

Alternatively, the cooling tower performance can be evaluated in‘terms of approach dgviation, the
diffefence between the corrected cold water temperature and the cold water temperature predicted by
the manufacturer’s data. This comparison can be done at the medsured test conditions or gt the design
condiitions. However, when a penalty is contractually specified as a function of degrees de¢viation, the
evaluation shall be made at design conditions per 9.3.3.2.2 below.

9.3.3.2.1 Predicted cold water temperature at measured test conditions

Using the final crossplot developed in 9.3.3.1.1 pelating cold water temperature to water circulation
rate,|enter the plot at the adjusted test flow, as‘determined in 9.3.3.1.3, and project a line pertically to
interjsect the curve. Read the value for the'predicted cold flow temperature (Tcw, pred) at|the point of
interjsection.

9.3.3.2.1.1 Comparison with measured cold water temperature

Compare the corrected test_value for cold water temperature (Tcw, t) to the predicted cold water
temperature (Tcw, pred) deterrhined above such that the approach deviation (ATppp) equals

I

STApp = (Tow, corr) - (Tow, pred) (27)

9.3.3.2.2 Approach deviation at design conditions

To dptefmine the approach deviation at design conditions, first determine the tower dapability as
described in 9.3.3.1. Then, using the manufacturer’s performance curves, develop a plot of lqaving water
temperature as a function of tower capability for the design range and wet-bulb temperature. A suitable
procedure consists of first entering the manufacturer’s curves at the design wet-bulb temperature and
determining the cold water temperature at design range for each flow rate. Using these data, prepare
a crossplot relating cold water temperature to the reciprocal of the percentage water circulation
rate, expressed as a decimal (e.g. 90 % flow equates to 111,11 % capability, 110 % flow equates to
90,91 % capability). Enter this crossplot at the tower capability as determined in 9.3.3.1.4 and project
a line vertically to intersect the curve. At the intersection, read the predicted cold water temperature
(Tcw, pred) for the tower at the test capability.
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Comparison with design cold water temperature

Compare the predicted cold water temperature (Tcw, pred) determined above to the design value for cold
water temperature (Tcw, ) such that the approach deviation (ATapp) equals:

ATapp =

9.3.3.2.2.2
When the d

(Tcw, pred) - (Tcw, d)

Multiple valid test periods

(28)

, the

approach dg

EApp =

viations for the individual tests should be averaged using Formula (29).

LS ar
(n J 5~ Avp(n)

It is recommended, however, if there is any significant deviation between the operating condition]

each valid t{
the individu

9.3.3.2.2.3
The guarant

ATApp 1

where ITEMH

9.3.4 Ope

The format
this procedt

9.3.4.1 Dg
Using the p1
fans.

9.3.4.2 D¢

The test val
water flow 1

st period (such as might be the case if the valid tests were performedion different days)
al approach deviations should be evaluated at the design, not the'measured test condit

Compliance

eed condition has been achieved if

- ITEMP< 0

= 0, unless specified differently in the centact.

n-circuit, mechanical draft towers-— Characteristic curve method

bf the required curves and tabular data is described in 5.3.6, 5.3.7, and 5.3.9. An examyj
ire is presented in Annex G.

termination of density and specific volume of air at the fans

termination of the test L/G

e .of L/G is computed from Formula (31) using the measured test values of re-circul
ate) fan driver power, and the psychrometric properties of air at the fan inlet as deterny

(29)

s for
that
ions.

(30)

ble of

ocedure described‘in 9.3.3.1.2, determine the psychrometric properties of air entering the

ating
ined

in9.3.4.1.

k-

L

G

42

( L WEm,d
WEM,t

Qwt
Qw,d

PAL
PAd

VAL
VAd

G

e ARt

(31)
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9.3.4.3 Determination of the test value of KaV/L

Using average test values of hot water, cold water, and wet-bulb temperatures in conjunction with the
test value of L/G determined above, calculate the test value of KaV/L from Formula (32).

T
Kav /L = (Cpw) HJW a1

hy— h
TCW M A (32)

A four-point Tchebycheff method can be used to numerically evaluate this integral, which takes the form
of Formula (QQ)

av /L = (Cpw) (THW;TCWJ [(Alhl] * (Alhz] " (Alhs) ’ [A:ﬂﬂ (33)

wherte

=

Ahy is the value of (hm — ha) at Tew + 0,1(L/G) (Tuw - Tcw);
Ahy is the value of (hm = ha) at Tcw + 0,4(L/G) (Tuw - Tcw)s
Ah3 is the value of (hm = ha) at Tyw - 0,4(L/G) (Tuw - Tew);
Ahy  is the value of (hy = ha) at Tyw - 0,1(L/G) (Tuw~'Tcw)-

Valugs for the enthalpies, hy and hya, can be takén from the tables in Annex D or calculated for the
speclfic barometric pressure or site elevation using the program provided.

9.3.4.4 Determination of the tower capability

The point representing values of L/G dand KaV/L calculated from the test data shall be plptted on the
manfifacturer’s tower characteristic graph. Draw a curve through this test point of thd same form
and parallel to the original supplied by the manufacturer. Alternatively, points on this curve can be
calcylated by using Formula(34). The intersection of this test characteristic with the design approach
curvg determines the value,of the intersect (L/G); at which the tower would produce design cold water
temperature when operating at design conditions. The tower capability, in percent of design) water flow,
is the ratio of this “intercept” (L/G); to the design (L/G)q, multiplied by 100.

cAp = 100 [(f/g)i]
(L/6)q (34)

If muttiptecharacteristiccurves rave beemsubrmitted; thisdesign £/G statt beadjusted to the applicable
characteristic curve for the test conditions.

=

9.3.4.5 Multiple valid test periods

Where there are multiple valid test period results to be averaged, Formula (35) shall apply.

_ 1\ n
Ccap = (j 2 CcaP(n)
nJi=1 (35)
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9.3.4.6 Compliance

The tower shall have achieved the guaranteed condition if

Ccap +

where Icap =

9.3.5 Ope

The perfor

method. Thq
this method

9.3.5.1 Ey|

The cooling
measured p
measured tq

9.3.5.1.1 1}

The measur]

9.3.5.1.2 1}

The manuf3
for the mea
range, a crd
circulating ¥
the intersec

9.3.5.1.3 1

The capabilj

Ccap =

9.3.5.1.4

Where ther
testsshall b

Ccar

44

Multiple valid test periods

Icap 2 100%

0, unless specified differently in the contract.

n-circuit, natural draft towers — Performance curve method

format of the required curves and data is described in 5.3.4, 5.3.5, and 5.3.9. An exanij
ology is given in Annex H.

aluation of flow rate capability

tower performance can be evaluated in terms of flow rate capability which expresse
erformance as a percentage of the flow rate predicted by the mapufacturer’s data fo
st conditions.

Determination of adjusted test flow rate

ed water flow rate is used directly in the evaluation. No:adjustments are necessary.

Determination of the predicted flow rate

cturer’s performance curves shall be cross-plotted to determine the predicted flow
sured test conditions. Using the test wet-bulb temperature, relative humidity, and co
ssplot is prepared which relates the,Jéaving water temperature to the flow rate o
vater. Enter this crossplot at the corrécted test cold water temperature (Tcw, corr) and

Determination of the tower capability

[ty, Ccap, expressed in petcent of design circulating flow, is then computed using Formula

o

Qw, t
QW, pred

tion with the curve, determine the predicted flow rate for the measured test conditions.

(36)

urve
ble of

s the
r the

rate
pling
f the
from

(37).

(37)

p are multiple valid test period results to be evaluated, the average capability of the

valid

e calculated using Formula (38).

1\ 01 c
(n)izi CAP(n)

(38)
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9.3.5.1.5 Compliance

The tower shall have achieved the guaranteed condition if

CCAP + Icap 2 100%

where Icap = 0, unless specified differently in the contract.

9.3.5.2 Evaluation by approach deviation

(39)

Alter
diffe
the n

TTatively, tie TooHTTg tOWer pPerforTance calr De evatuated 1T teTTs of approacit 4e
Fence between the corrected cold water temperature and the cold water temperaturef
hanufacturer’s data. This comparison can be done at the measured test conditions)or 3

condfitions. However, when a penalty is contractually specified as a function of degrées d¢

evall

9.3.5

Usin
rate,
inter
inter]

9.3.5

Comj
temy

A

9.3.5

To d
desc
wate
temp
wet-|
fore
recig
110 ¢
9.3.5

lation shall be made at design conditions per 9.3.5.2.2 below.

.2.1 Predicted leaving water temperature at measured test conditions

b the final crossplot developed in 9.3.5.1.2 relating cold water temperature to watei
enter the plot at the adjusted test flow, as determined in 9.3.5.11, and project a line
sect the curve. Read the value for the predicted cold watertémperature (Tcw, pred) af]
section.

.2.1.1 Comparison with measured cold water tehiperature

pare the corrected test value for cold water tetaperature (Tcw, corr) to the predicted

erature (Tcw, pred) determined above, such that the approach deviation (ATapp) equalg:

Tapp = (Tcw, corr) = (Tcw, pred)

.2.2 Approach deviation at design conditions

ptermine the approach-deviation at design conditions, first determine the tower d

viation, the
bredicted by
t the design
bviation, the

circulation
wvertically to
the point of

| cold water

(40)

apability as

fibed in 9.3.5.1.3. Then,using the manufacturer’s performance curves, develop a pl
r temperature as afunction of tower capability for design range, relative humidity,
erature. A suitable-procedure consists of first entering the manufacturer’s curves
bulb temperatdreand determining the cold water temperate at design range and relati
hch flow raté<Using these data, prepare a crossplot relating cold water temperature to
rocal of/thé percentage water circulation rate (e.g. 90 % flow equates to 111,11 9
o flow=eguiates to 90,91 % capability). Enter this crossplot at the tower capability as dd
|1.3<and project a line vertically to intersect the curve. At the intersection, read the pr

wate

¥

t of leaving
d wet-bulb
the design
ve humidity
the decimal
b capability,
termined in
edicted cold

r femperature (Tcw, pred) for the tower at the test capability.

9.3.5.2.2.1 Comparison with design cold water temperature

Compare the predicted cold water temperature (Tcw, pred) determined above to the design value for cold

wate

r temperature (Tcw, 4) such that the approach deviation (ATapp) equals:

ATppp = (Tew, pred) - (Tcw, d)
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9.3.5.2.3 Multiple valid test periods

When the data from multiple valid test periods are being used to evaluate the tower performance, the
approach deviations for the individual tests should be averaged using Formula (42).

— 1\ n
ATApp = | = | T AT
- [“ ) 1 AP (42)

NOTE If there is any significant deviation between the operating conditions for each valid test period (such
as might be the case if the valid tests were performed on different days), the individual approach deviations
should be evdimatedattire desig, TOT the Measured test ConmaItions.

9.3.5.2.4 (ompliance
The guaranteed condition has been achieved if

ATppp — fTEMP =0
(43)

where ITEmp = 0, unless specified differently in the contract.

9.3.6 Wet{/dry towers (open type) — Performance curve method

The performance of a wet/dry, open-type cooling towers shall be‘evaluated by the performance qurve
method, with the results expressed in terms of water cooling’ capability or approach deviation| The
terms “wet”|and “dry” refer to the separate evaporative andhon-evaporative heat exchanger elements
incorporatef into this type of cooling tower. Format of the,required curves and tubular data are in $.3.3,
5.3.5,and 5.3.9. An example of this evaluation methodelogy is given in Annex |.

9.3.6.1 Evaluation by flow rate capability

The cooling tower performance can be evaluated in terms of flow capability which expresses the
measured performance as a percentage of the flow rate predicted by the manufacturer’s data for the
measured t¢st conditions.

9.3.6.1.1 Determination of the-predicted flow rate

The manufafcturer’s performance curves shall be cross-plotted to determine the predicted flow rate for
the measurgd test conditiéns. Using the test wet-bulb temperature, relative humidity, and cooling range,
a crossplot |s prepared(which relates the outlet water temperature to the flow rate of the circulpting
water. The procedure‘is the same as for open towers except an intermediate step is required which
crossplots relativePehumidity at constant wet-bulb temperature and range. From this graph, the predijcted
flow rate of the.circulating water is determined at the test outlet water temperature.
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9.3.6.1.2 Determination of the adjusted test flow rate

For wet/dry tower configurations where a single fan moves air through both the wet and dry sections,
the adjusted test flow rate is determined from Formula (23) using the procedure described in 9.3.3.1.2
to determine the density of the air entering the fan(s).

13 13
Oweadt = 0w Wemd Pat
tadj — )t
o Wemt Pad

(44)

For thespectatcasewhereseparate fanmsareemployed-tomoveairthroughthe-wetamddry portions of
a single tower, or through separate wet and dry towers, the following Formula (45) applies,
]1/3

1/3 1/3 y
B aweT | WFMWETd PAWET,t qpry | WFM,DRY,d P ADRY
Wiadj = Qwt +
arotr |\ WFMWET; P AWET,d aToT )\ WFM,DRY;t P ADRY|
The ¢apability, Ccap, expressed in percent of design circulating flow,is then computed using Fprmula (24).

Q .
eap = 100 W,t,adj
w,pred

P
(i

o

(45)

9.3.4.1.3 Determination of the tower capability

o

9.3.6.1.4 Multiple valid test periods

Where there are multiple valid test periodiresults to be averaged, the Formula (46) shall apply:

I 1\ n
Gcap = | — | X Ccap(n)
n ji=1 (46)
9.3.4.1.5 Compliance
The tower shall haye achieved the guaranteed condition if
dcap + Icap2100 %
(47)

wheneTgap = 0, unless specified differently in the contract.

9.3.6.2 Evaluation by approach deviation

Alternatively, the cooling tower performance can be evaluated in terms of approach deviation, the
difference between the corrected cold water temperature and the cold water temperature predicted
by the manufacturer’s data. This comparison can be done at the measured test conditions or at design
conditions. However, when a penalty is contractually specified as a function of degrees deviation, the
evaluation shall be made at design conditions per 9.3.6.2.2 below.

9.3.6.2.1 Predicted cold water temperature at measured test conditions

Using the final crossplot developed in 9.3.6.1.1 relating cold water temperature to water circulation
rate, enter the plot at the adjusted test flow, as determined in 9.3.6.1.2, and project a line vertically to
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intersect the curve. Read the value for the predicted cold water temperature (Tcw, pred) at the point of
intersection.

9.3.6.2.1.1 Comparison with measured cold water temperature

Compare the corrected test value for cold water temperature (Tcw, corr) to the predicted cold water

temperature (Tcw, pred) determined above such that the approach deviation (ATapp) equals:

ATapp=(Tcw, corr) = (Tcw, pred)

(48)
9.3.6.2.2 Approach deviation at design conditions
To determime the approach deviation at design conditions, first determine the tower capability as
described if] 9.3.6.1. Then, using the manufacturer’s performance curves, develop a plot ofileaving water
temperatur¢ as a function of tower capability for design range and wet-bulb température. A suitable
procedure cpnsists of first entering the manufacturer’s curves at the design wet-bulb temperatur¢ and
determining the cold water temperature at design range for each flow rate. Using these data, prepare a
crossplot relating cold water temperature to the decimal reciprocal of the perecentage water circulation
rate (e.g. 90(% flow equates to 111,11 % capability, 110 % flow equates to 90;91 % capability). Enter this
crossplot at[the tower capability as determined in 9.3.6.1.3 and project.adine vertically to interseqt the
curve. At th¢ intersection, read the predicted cold water temperature{Few pred) for the tower at the test
capability.
9.3.6.2.2.1 | Comparison with design cold water temperature
Compare the predicted cold water temperature (Tcw, pred)-determined above to the design value for cold
water temp¢rature (Tcw, ) such that the approach deviation (ATapp) equals:
ATApp =(Tcw, pred) - (Tew, q)
(49)
9.3.6.2.3 Multiple valid test periods
Where ther¢ are multiple valid test period results to be averaged, Formula (50) shall apply.
AT (1 ] S AT
App [T | |. App(n
PP|” | n |5 ArpE) (50)
9.3.6.2.4 (Compliance
The guaranteed condition has been achieved if
ATppp - ITEMP <0
(51)

where ITEmp = 0, unless specified differently in the contract.

9.3.7 Closed-circuit, mechanical draft towers - Performance curve method

The performance of closed-circuit cooling towers shall be evaluated from test data using the performance
curve method. Format of the required curves and tabular data are set forth in 5.3.2, 5.3.5, and 5.3.9. An
example of this evaluation methodology is given in Annex K.

48

© ISO 2014 - All rights reserved


https://standardsiso.com/api/?name=586f1bd558afae7f105a288abb3df202

ISO 16345:2014(E)

9.3.7.1 Evaluation by flow rate capability

The cooling tower performance can be evaluated in terms of process fluid flow capability where the
measured performance is expressed as a percentage of the flow rate predicted by the manufacturer’s
data for the measured test conditions.

9.3.7.1.1 Determination of the adjusted test flow rate

The adjusted test flow rate is determined from a modified Formula (23), substituting the process fluid
flow rate for the re-circulating flow of the open tower and an exponent (Z) supplied by the manufacturer,
as shown below. The procedure described in 9.3.7.1.2 is used to determine the density of the air entering

the fan(s).
J(es]

.1.2 Determination of density of air entering fans

WEM,d
WEM t

PAL
PAd

P

PFtadj = ¢PFt [
(52)

9.3.7

The dlensity of the air entering the fans is estimated as follows.

a) Using the measured test values of entering air dry-bulb témperature (Tpg, ) and enter
emperature (Twc, t), determine the psychrometric properties of the entering air at
arometric pressure from the data in Annex D. Fotr<forced draft units, this density
irectly for (pa,t) in Formula (37). For induced drfaft units, continue on with 9.3.7.1.7

3.71.2 d).

ng wet-bulb
the test site
ran be used
| b) through

1

b) Usingthe measured test conditionsin conjunction with Formula (37), estimate the entha
f the air flowing through the tower (Aha, t) and solve to express this enthalpy changg

he specific volume (vaz, +) which, after substituting all known terms and simplifying, b

hat= (K1) (vaz,1)

lpy increase
in terms of
ecomes

>

(53)

Determine the enthalpy(ofithe leaving the tower (haz,t) as

=l

A2t = hate+ Ahay (54)

d) At this pointja-leaving air temperature is assumed and the associated value for spe
of saturated’air at that temperature (vaz, ¢) is substituted into the expression for (Ah
formula‘solved for haz t. This calculated value for enthalpy is then compared to the act

for saturated air at the assumed temperature and the process repeated with a new

cific volume
A, t) and the
1al enthalpy
hssumed air

e density of

lemperature until the calculated value closely matches the actual value. Then, th

9.3.7.1.3 Determination of the predicted flow rate

The manufacturer’s performance curves shall be cross-plotted at test conditions to determine predicted
process fluid flow rate at the measured test conditions. A suitable procedure consists of first preparing
a crossplot, based on the test wet-bulb temperature, relating cooling range to cold process fluid
temperature with the three process fluid flow rates as parameters. From this set of curves, prepare
a second crossplot, based on test cooling range, consisting of a single curve relating cold process fluid
temperature to process fluid circulation rate. Enter this final curve at the measured test cold process
fluid temperature and from the intersection with the curve, determine the predicted process fluid flow
rate for the measured test conditions.
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9.3.7.1.4 Determination of the tower capability

The capability, Ccap, expressed in percent of design process fluid rate, is then computed using a modified
form of Formula (24), which substitutes the process fluid flow rates in lieu of the circulating water of
the open tower.

Q .
Ceap = 100 [Q PF,tad) ]
PF,pred (55)
9.3.7.1.5 Multiple valid test periods
Where ther¢ are multiple valid test period results to be averaged, Formula (56) shall apply.
— 1\ n
CCAP =|| — | X Ccap(n)
n)i=1 (56)
9.3.7.1.6 Compliance
The tower shall have achieved the guaranteed condition if
Ccap + Igap =100 %
(57)
where Icap ¥ 0, unless specified differently in the contract:
9.3.7.2 Evaluation by approach deviation
Alternativel]k/, the closed-circuit cooling tower(performance can be evaluated in terms of approach
deviation, the difference between the measured cold process fluid temperature and the cold process
fluid temperature predicted by the manufacturer’s data. This comparison can be made at the meaqured
test conditidns or at design conditions..Hewever, when a penalty is contractually specified as a funftion
of degrees deviation, the evaluationrshall be made at design conditions per 9.3.7.2.2 below.
9.3.7.2.1 Predicted cold proeess fluid temperature at measured test conditions
Using the fipal crossplot,developed in 9.3.7.1.2 relating cold process fluid temperature to process|fluid
circulation rate, enter thé plot at the adjusted test flow, as determined in 9.3.7.1.1, and project a lipe to
intersect the curve,Read the value for cold process fluid temperature corresponding to the point of
intersection|.
9.3.7.2.1.1 | Comparison with measured cold process fluid temperature

Compare the measured testvalue for cold process fluid temperature (Tcpr, ) to the predicted cold process
fluid temperature (TcpF, pred) determined above such that the approach deviation (ATapp) equals:

ATapp = (TcpF, t) - (TCPF, pred)
(58)

9.3.7.2.2 Approach deviation at design conditions

To determine the approach deviation at design conditions, first determine the tower capability as
described in 9.3.7.1. Then, using the manufacturer’s performance curves, develop a plot of leaving
process fluid temperature as a function of tower capability for the design range and wet-bulb
temperature. A suitable procedure consists of first entering the manufacturer’s curves at the design
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wet-bulb temperature and determining the cold process fluid temperature at design range for each flow
rate. Using these data, prepare a crossplot relating cold process fluid temperature to the reciprocal of
the percentage process fluid circulation rate, expressed as a decimal (e.g. 90 % flow equates to 111,11 %
capability, 110 % flow equates to 90,91 % capability). Enter this crossplot at the tower capability as
determined in 9.3.7.1.3 and project a line vertically to intersect the curve. At the intersection, read the
predicted cold process fluid temperature (TcpF, pred) for the tower at the test capability.

9.3.7.2.2.1 Comparison with design cold process fluid temperature

Compare the predicted cold process fluid temperature (Tcpr, pred) determined above to the design value
for cold process fluid temperature (Tcpg 4) such that the approach deviation (ATapp) equals:

ATapp = (TcpF, pred) = (TcpF, d)
(59)
9.3.71.2.3 Multiple valid test periods

Whep the data from multiple valid test periods are being used to evaluate/the tower perfgrmance, the
apprpach deviations for the individual tests should be averaged using Formula (60).

(1) n
AT App = ( o J Z ATApp(n)

(60)

NOTH If there is any significant deviation between the gperating conditions for each valid test[period, (such
as mjght be the case if the valid tests were performed ‘on different days), the individual approa¢h deviations
should be evaluated at the design, not the measured testconditions.

9.3.7.2.4 Compliance
The guaranteed condition has been achiéved if

ATppp - ITEMP <0
(61)

whette ITgmp = 0, unless specified differently in the contract.

9.3.71.3 Wet/dry closed-circuit towers utilizing a wet or dry operating mode

If thq requireménts of operation and control setting specified by the manufacturer have been met during
the test, the procedures specified in 9.3.7.2 and following can be applied.

9.4 | Extended thermal performance test evaluation (applicable to natural draft towers,

l £ H d Ja 4 )
onlyirrequirea oy contract)

9.4.1 Methodology

Test result includes an actual verification of wind effect on tower performances (see 8.2). For each valid
test period, calculate the difference between the measured approach and the guaranteed approach
adjusted for test period conditions, using data supplied by the manufacturer (see 5.3.8 and 5.3.9).

Then the valid test periods are grouped together into n classes, as a function of the reference wind
velocity at 10 m during the test period. In each case, calculate the average approach deviation.

Final test result is the weighted average approach deviation, which results from weighting each wind
class average approach deviation (weighting coefficients shall be contractually specified, see 5.3.8).
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Since more than 300 valid test periods are required, use of charts is not relevant, so that computational
calculation using characteristic equations (Merkel/CTI) is proposed. Only evaluation by approach
deviation is suggested.

9.4.2 Test period guaranteed approach

A guaranteed approach value (adjusted for test conditions) shall be calculated for each valid test period.

9.4.2.1 Characteristic equations of the cooling tower

Coefficients are supplied by the manufacturer at the time of submitting the offer (see 5.3.8). In the case
of acceptange tests, the coefficients are contractual.

Operating formula:

Kav _ p(L]X

Draft formula:

PA1L 2
Ppr1~ PA2 = 0,5( HJCFVA
’ gc (63)

9.4.2.2 Simplifying assumptions

a) Hotair is assumed to be saturated.

b) The varjiation in water flow rate passing through the cooling tower is overlooked in the energy
balancef The output transferred therefore is réduced to L x Cy, (¢ - tc) and hot air enthalpy is

L
hgp=hp1+—cpw (Taw —Tew)

G (64)
9.4.2.3 Calculation of KaV/L

Value of a KaV/L will be used to calculate the test period guaranteed approach. Using 9.4.2.2 assumptions,
KaV/L is to Qe calculatedbetween fill inlet and outlet from

T,
KaV _ | 1 ij dT
L p,W},T hy —hy
cw (65)

where y is a correction factor depending on the type of device, defined in Annex E.
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A Simpson’s rule can be used to numerically evaluate any integral. For this International Standard, an
eight-point version has been adopted, which takes the form of Formula (66):

th
J, f(t)dtzg[f(tc)wf(tc +P)+2f(te+2p) ...+ 2f(t +2k=2p)+ 4 f(t o +((2k—1)p)+ f(ty)]
¢ (66)
with
_Tyw —Tcw
p_i
8 (67)
Since
R
19 hg0-ro 68)

mechanical expressions will be required to express air enthalpy in function of measured parameters.
Thesge expressions also are given in Annex D.

9.4.2.4 Calculation of the test period guaranteed approach, apy, guar

Guarfanteed approach shall be adjusted to the test period conditions: water flow rate, coolipg range, air
inlet|dry-bulb temperature, wind speed, atmosphericptessure, and relative humidity.

a) Adjusted dry air mass flow rate and hot air density shall be calculated by successive approximations
sing Formula (2) and Formula (3) and expxession of Ct (see 5.3.8).

b) KaV/0L shall be calculated from Formula (34) and expression of C (see 5.3.8).

c) Adjusted guaranteed cold water temperature is then obtained by successive approximations as
illustrated in Figure I1.

d) Test period guaranteed.approach, apr, guar, is the difference between guaranteed| cold water
femperature and test period average air inlet wet-bulb temperature.

9.4.3 Test period measured approach, apy, tp

For elach valid testperiod, it is the difference between the average corrected cold water temperature and
the average ajir.inlet wet-bulb temperature.

9.4.4 Testperiod approach deviation, Aapy, tp

L Ld s+ £ iad 3t 1o 1 Jd3 £ Lat A | L. pa | £
For each—walidtest pPerotG TS tTheairrerence oeTweeirmeastutretapproatnanagaatrante d approach,

such as

Aapr, tp = (Aapr, tp) - (Aapr, guar)
(69)

9.4.5 Testresult — “weighted average approach deviation”, Aap,

Extended thermal performance test evaluation requires the conducting of at least 300 valid test periods.
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9.4.5.1 C(lassification of test period

Test periods and corresponding approach deviations shall be grouped together into n classes (n<5) asa
function of the average test period wind velocity at 10 m during the test period, such as:

a) Class1: 0<V10 <2 m/s ml test periods;
b) Class2:2<V10 <4 m/s m2 test periods;
c¢) Class3:4<V10 <6 m/s m3 test periods;
d) Class4: 6 <V10 <8 m/s m4 test periods;

e) Class5:|8 <V10 <10 m/s m5 test periods.
The spread pf each class is 2 m/s.

The numberjof classes and weighting coefficients of each shall be contractually specifi€d;understanding
thatif n < 5,|the classes considered shall include the first one and be consecutive.

NOTE The specified number of classes actually fixes the minimum average velaCity for a test period|to be
valid. As an example, if n = 3, V10 < 6m/s for any valid test period.

9.4.5.2 Number of valid test period in a class

a) Only classes filled with enough number of valid test periods:shall be taken into consideratipn; a
class in¢luding four valid test periods or less shall be considéred as not filled.

b) Ifaclasp is not filled, the weighting coefficient corresponding to filled classes shall be corrected so
that thefir sum reaches 100 %, by respecting the relative initial weight of each filled class.

c) For each filled wind class, valid test periods can be divided into two groups, provided that test
periods|number in both groups exceeds 30 % ofthe total wind class test periods number (if ngt, all
the test|periods of a wind class shall be considered as one group): entering air wet-bulb temperature
increasing during the period and entering‘air wet-bulb temperature decreasing during the period
(comparison of the first recording and the last recording of the period).

9.4.5.3 Callculation of the class average approach deviation, Aapy, i
One deviatign shall be calculated for each class.

a) Ifthe clgss is divided iftto-two groups, including m; 1 and m; 2 test periods (mj 1 + mj2 = m;):

1 n
Aa = — | Y{Aa
pr prm1(n)
m (“ )n=1 (70)
and
Adpr p o = [;](AaprA,ml + AaprA,mZ)
' (71
b) Ifall the test periods of the class shall be considered as one group:
A ! E A
a =— a
prm prm(n)
M n=1 (72)
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9.4.5.4 Calculation of the “weighted average approach deviation”, Aa;

The weighting coefficients £n (see 9.4.5.1) are introduced.

i=n

pr = zo‘iAapr,i

i=

9.4.5.5 Compliance

(73)

The
A

whet

10 ]

. L
ower stattrave achieved the guaranteed comdition if

apr — ITEMp< 0

e ITEmp = 0, unless specified differently in the contract.

Reporting of results

10.1 General

Upor
repr
testi
shall

10.2

completion of the test, the test data sheets shall be authenticated by the signaf
psentatives of the parties to the test which can be the manufacturer, the test purchg
ng agent, each of whom shall receive a copy. Alse;4a preliminary determination of th
be prepared and distributed to the authorized representatives of the parties to the te;

Final report

Wit

a)
b)
c)
d)

in a reasonable period after the completion of the test, the test agent shall prepare a

brief description of the purpose of the test, the results, and the conclusions;
listing of the parties tothe test and their relationships to the project;
description of the goeling tower tested including the design conditions and the principlg¢

sketch of the-installation noting the location of the water flow and temperature m
oints as well’as any building, obstructions, or other equipment in the immediate vi
ower tested."Particular note should be made of any equipment or facilities dischar
apour.inthe immediate vicinity of the tower;

déscription of the instruments used and any methods of measurement not prescribed

(74)

ures of the
ser, and the
e test result
t.

Itjd submit to
the parties to the test a final report of-the results of the performance test, which shall inclul

e:

b dimension;
easurement

Cinity of the
bing heat or

by this code;

f)
g)

the data submitted by the manufacturer that was used to evaluate the test;

a listing of the measured test data, a summary of the measurements used to evaluate the test,

computations and calculations made in evaluating the test, and the test result and conclusions;

h)

a statement of compliance with the provisions of this International Standard (i.e. ISO 16345) and,

when applicable, a description of those instances where the test deviated from the provisions of this
International Standard (i.e. ISO 16345).

10.3 Security

Information on the test shall be available only to the purchaser of the test, the manufacturer, and the
test agent. No further distribution of the information shall be made without the written agreement of
all parties to the test.
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10.4 Limitations

Adherence to the limits imposed by this International Standard on wet-bulb temperature, dry-bulb
temperatures, cooling range, circulating water flow, etc. will yield results with accuracy commensurate
with the stability of the test conditions and the accuracy of the instruments specified for measurements.
When test conditions fall outside these limitations, errors can be introduced due to one or more of the
following considerations (in accordance to 4.4).

The formulae and/or graphs used to adjust the test data cannot adequately provide for the effects of the
wide deviations from design in the following variables:

a) water cirewlationrate;

b) water t¢mperatures;

c) airflowlrate;

d) air wet-pulb temperature;

e) air dry-pulb temperature;

f) stronggnd/or gusting winds are likely to affect cooling tower performance adversely;

g) poor aiff and/or water distribution will result in malperformance.

11 Publisfwd ratings

The term “puiblished ratings,” as used in this International Standard, pertains to the thermal performance
ratings of s¢ries cooling towers (presented in printed forfm or as computer output) as made available
upon request to contractors, distributors, consultants;éngineers, and owners for selecting equipment
for applicatjons. The published ratings for mechanical draft cooling towers shall consist of mapped
ratings and ppplication ratings, expressed as the.flow rate capacity of water or process fluid at a spgcific
combination} of entering and leaving water/process fluid, at a specific combination of entering and
leaving watpr/process fluid temperatures, entering air wet-bulb and dry-bulb temperatures, an{l fan
power consfimption.
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Instruments and measurements

A.1 Calibration

A.1.1 General

All ipstrumentation employed during the course of the test shall be calibratéd-prior [to the test.
CaliHration shall be traceable to primary or secondary standards calibrated by)a‘tecogniz¢d authority,
such(as a national standards authority, or derived from accepted values of patural physicql constants.
Instrjuments shall be re-calibrated on a regular schedule appropriate for the respective insfrument and
full dalibration records shall be maintained. The minimum calibration ftequencies shall be|as shown in
Tabl¢ A.1. An instrument shall also be re-calibrated whenever it is damaged or its accuracy is called into
question for any other reason. Additionally, at the request and expense of the test purchaser, any and all
instrjumentation used on a test can be calibrated before and/orafter a test.

Table A.1 — Frequency of.calibration

Mirdimum calibration

Instrument
frequency
Temperature sensors Within 3 mo prior to use
Pressure devices Yearly

Flow measuremeht

devices 3y, if undamaged

Electric pewer meters Yearly

Wind-speed and direction
devices

Yearly

A.1.2 Records of calibration

The test agent shall iave a written procedure for calibrating each instrument, shall maintain records
showing the calibration history for each instrument, and make them available upon request to the
parties to the test. Identification (e.g. serial number) and location of each individual instifjument used
on the test Shall be recorded and included in the test report so the calibration date and history can be
traced.

A.2 Flow measurements

A.2.1 General

All tests require measurement of the main circulating water or process fluid flow rate. Measurement
of the makeup water flow rate and the blowdown water flow rate might be necessary, depending upon
the tower operating mode during the test. The flow rates shall be measured using any of the methods
specified in A.2.2. The method employed and location of measurement will depend upon the nature of
the installation and the importance of the measurement to the test result.
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A.2.2 Re-circulating water/process fluid flow rate measurement

The flow rate of the re-circulating water/process fluid shall be measured at a point where a well-
developed velocity profile exists, preferably in the piping leading to the tower. Measurement stations
with insufficient upstream and downstream distances will have significant, adverse impact on the
velocity profile and the accuracy of the measurement should be resolutely avoided.

The instrument shall be accurate to 1,0 % of the quantity being measured, with such adjustments and
corrections as are necessary to account for the temperature and physical properties of the fluid. With
such calibrations, the overall uncertainty of the flow measurement should be in the order of 2,5 % to
3 %. Acceptable methods and instruments include Pitot tube (traverse method), orifice plates, venturies,

nozzles, and|
These inclu
sonic meter
use of vario

Flowmeters
dimensiona

A.2.3 Makeup and blowdown flow rate measurement

If not stopp
an instrumg
uncertainty

A.3 Temj

A.3.1 Gen

Temperaturj
following re|

a) Theind

otherfiowmeterstiatdemonstrate theabitity toeasure flow rate precisety amd accur
le, but are not limited to, Coriolis, turbine, magnetic flow meter, and transient time
5, with their associated electronic systems. Detailed and authoritative information d
s flowmeters are described in the Bibliography, References [1] to [32].

whether temporarily or permanently installed, shall be inspected priop to the teg
conformity and functionality.

ed for the duration of the test, the makeup and blowdown(rates shall be measured
ent accurate to 2,0 % of the quantity being measured. With such calibration, the oy
of the flow measurement should be in the order of 4,0 %to 5,0 %.

perature measurements

eral

e measurements shall be made using any instruments or instrument systems meetin
quirements.

cator or recorder shall be graduated in increments of not more than 0,1 °C and be rea

ntely.
ultra
f the

t for

with
erall

o the

lable

to 0,04 °C.

b) The temperature-sensitive element shall be accurate to £0,05 °C.

c) The temperature-sensitive elements shall be carefully located to ensure the measurement is
represeptative of the true-bulb temperature of the fluid at the point of measurement.

A.3.2 Entering air wet-bulb temperature

The entering air wetsbulb temperature shall be measured with mechanically aspirated psychrometers,

each meetinfg the'following requirements.

a) The ten perature-sensitive element shall be shielded from direct cnn]ighf or from other cignif'cant
sources of radiant heat. The shielding device shall be within 1 °C of the surrounding dry-bulb
temperature.

b) The temperature-sensitive element shall be covered with a wick that is continuously wetted from a
reservoir of distilled water.

c) The temperature of the distilled water used to wet the wick shall be approximately the wet-bulb
temperature being measured. This can be obtained in practice by allowing adequate ventilated
wick between the water supply and the temperature-sensitive element.

d) The wick shall fit snugly over the temperature-sensitive element and extend at least 2 cm past the
element over the stem. It shall be kept clean while in use.
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e) The air velocity over the temperature-sensitive element shall be maintained between 3 m/s and

6 m/s.

The entering air wet-bulb temperature shall also be determined with a measurement of the entering
dry-bulb temperature and of the air relative humidity.

A.3.3 Manual readings

For manually recorded data, three successive observations at 10 s intervals shall be taken at each station,
the average of which shall be considered the temperature readings at that time, at that instrument

station.

A.3.4 Entering air dry-bulb temperature

Theinlet dry-bulb temperature shall be measured with mechanically aspirated, wickless psy

each|meeting the following requirements.

a) The indicator or recorder shall be graduated in increments of not more than 0,1 °C.

b) The temperature-sensitive element shall be accurate to 0,05 °C.

c) The temperature-sensitive element shall be shielded from direct'sunlight or from othe
gources of radiant heat. The temperature of the shielding{device shall be within
gurrounding dry-bulb temperature.

d) Inthecaseoftheuseofadry-bulbtemperature probe,theshielding device shall enable ai

A.3.5 Ambient dry bulb

The dry-bulb temperature of the ambient airgshall be measured, if mandatory, at a fixed me
mast
preferable. The probes shall be shielded dnd protected from the rain, as typically done for me
purploses.

A.3.6 Atmospheric gradient:(natural draft and fan-assisted natural draft)

The gtmospheric gradienty;where direct measurement is possible, shall be determined by us¢
temperature, measurenments taken at no more than 60 m vertical increments using a me
tower, tethersonde, of.other similar means.

A.3.7 Measurement bulb accuracy

Wheh the entering air dry-bulb temperature measurement is for the sole purpose of dete
physjcalproperties of the entering air on amechanical draft tower,a measurementaccuracy

fesulting from the tower draft around the probe,

of 10 m height, located at least 300.m from the tower. One probe is required, three

chrometers,

r significant
1 °C of the

I circulation

teorological
robes being
teorological

e of dry-bulb
teorological

rmining the
pf1°Cto3°C

1eCayerage dry-bulb temperature is usually acceptable. In most cases, this can be achiev

ed by means
meter of the
quirements.

r significant
ng dry-bulb

O]C dSU dl1011, OI' d O WO STations. d ally asplrated pSy O
type described above shall be used, with the wick removed. Each shall meet the following re
a) The temperature-sensitive element shall be shielded from direct sunlight or from othe
sources of radiant heat. The shielding device shall be within 1 °C of the surroundi
temperature.
b) The air velocity over the temperature-sensitive element should be at least 2 m/s and preferably the

same as the wet-bulb psychrometer.
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A.4 Pressure measurements

A.4.1 General

Pressures shall be measured using manometer, gages, transducers, or other instruments or instrument
systems as appropriate for the magnitude of the pressure to be measured.

A.4.2 Accuracy and scales

Instrument accuracy and maximum scale intervals shall comply with the values listed in Table A.2 for
the measurement range of the device.

Table A.2 — Instrument accuracies and scale intervals

Range Accurarcy Maximum scale
interval
Pa Pa os
250 to 500 5
501 to 1000 5 10
1000 10 20
A.4.3 Prepsure taps

Tappings inf
and other ir

A.4.4 Hea

Stations for
circuit or wq

Fegularities.

t exchanger pressure drop

measuring the pressure drop of the, process fluid across the heat exchanger of a cl
t/dry tower shall be located as closély as possible to the contractual inlet and outlet no

of the heat
same at bot
at the poin

bxchanger(s). When the working fluid does not change state, the conduit size shall b
the inlet and outlet stations,or the readings shall be corrected for the difference in vel
of measurement. Corrections shall be made for fitting or any other losses that prg

t:F
pressure diffferences between the ppint/of measurement and the nozzles. If separate measurement

taken at the
elevation be

A4.5 At

Atmospheri

A.5 Fan ¢

tween the two measurement points.

jospheric préssure

C pressuresshall be measured with a standard barometer, accurate to £0,1 % of the rea

[river output power

o conduits for pressure measurements shall be asgmall as practicable and be free of hurrs

bsed-
zzles
e the
pcity
duce
S are

inlet and outlet nozzles; the measured differences shall be adjusted for the differenice in

ding.

A.5.1 General

The output power of the fan driver shall be determined from the measured power input, adjusted for the
efficiency of the driver or motor.

A.5.1.1 Power input

In the case of electric motors, power input shall be determined by direct measurement of the power
input to the motor in kilowatts at a location such that the instrumentation can accurately measure the
total power input to the device. Instrumentation used shall measure the true route mean square power
to an accuracy of 0,1 % of the quantity measured. If the distance between the point of measurement and
the motor warrants, a line loss correction shall be made, unless otherwise agreed by all parties.
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A.5.1.2 Variable frequency drive

If the electric motor is equipped with a variable frequency drive (VFD) or other power altering device,
appropriate actions (such as bypassing the device) shall be taken to ensure an accurate measurement
and that no speed changes are made to the fan over the duration of the test.

A.5.2 Efficiencies

The efficiencies stated by the manufacturer of the fan driver can be used to calculate the driver output
from the measurement input.

A.6 | Wind velocity

A.6.1 General

Wind velocity shall be measured with a meteorological type anemometer and’wind vang, preferably
remdte reading and recording. The number of measurement stations and théir location is dependent
upon the type of tower under test.

A.6.2 Mechanical draft towers

For mechanical draft towers, the wind velocity measurement slfall be made in an open and upobstructed
locatfion, upwind of the tower and beyond the influence of thelinlet-air approach velocity. (are shall be
taken to ensure the recorded wind speed and direction aréjrepresentative of wind conditigns affecting
the tower. Placement of the wind measurement devige, shall be subject to mutual agregment by all
parties to the test. Wind direction shall be recorded ini‘Compass degrees with the reference forth clearly
indidated.

A.6.2.1 For cooling towers with an overall height of 6 m or less, the wind velocity shall be measured
1,5 mp above the elevation of the basin curb, at a point within 15 m to 30 m of the tower; if practical.

A.6.2.2 Where the distance between-basin curb and the discharge elevation exceeds 6 m, the wind
velodity shall be measured at a height above the curb elevation that is approximately one-half the dif-
fererice between the curb and discharge elevations and at a distance of at least 30 m from thp tower; if
practical.

A.6.3 Natural drafttowers
A.6.3.1 For natural draft towers, the wind velocity shall be measured at two locations.

A.6.3.2 Shell opening: in a horizontal plane extending through the discharge opening at thg top of the
shelllat @&point within 45 m to 450 m from the edge of the shell, if practical.

A.6.3.2.1 In cases where it is not practical to measure the wind speed at the top of the shell, an indi-
cator of the wind conditions at the top of the shell shall be the appearance of plume at the exit. For an
acceptable test, visual observations of the plume shall indicate that the plume completely fills the shell
outlet and rises vertically for a minimum distance of approximately one-half of the outlet diameter. Top
of shell wind speed is not relevant in the case of extended tests.

A.6.3.2.2 Ataheight equal to one-half the inlet height and a distance from the cooling tower that is at
least twice the air inlet height and no less than a quarter of the base diameter of the tower.
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A.7 Measurements for tower pumping head
Two measurements are required for determining tower pumping head:

a) the gage static pressure at the centreline of the re-circulating water inlet connection, expressed in
metres of water;

b) the measured, vertical distance between the top of the basin curb and the centreline of the re-
circulating water inlet connection, expressed in metres.

A.8 Timemeasurements

Time measyrements, if used to determine flow rate or power, shall be made with instruments.having
accuracies with 0,5 % of the elapsed time measured. This accuracy shall include any uncertainty efrors
associated with starting and stopping the instrument.

A.9 Water analysis

A sample of the circulating water and, where applicable, the process fluid, shalkbe taken during the test.
If there are [any questions concerning the quality of the circulating waterr process fluid the sample
shall be ana]ysed by a reputable testing laboratory to determine the composition of the fluid.
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Wet-bulb determination

B.1 General

Anngx B specifiesmethodsand apparatus toaccurately measure wet-bulb temperature/relat{ve humidity
for the purpose of cooling tower testing. It does not specify the full details of the devices|required so
as to| ensure well-designed instruments, which have gained acceptance in differént.Countfies, are not
arbitrarily excluded.

This|approach, specifying only the essential features of a few important types of psychr¢meters and
hygrpmeters, necessarily has some limitations. It should be understoodj.therefore, that gpod practice
should be followed, both in implementing the requirements of Annex*B-and in detailing agpects of the
design and procedure that are not specified.

B.2 | Definitions
For the purposes of Annex B, the following definitions shall apply:

Aspirated psychrometer: A psychrometer which.includes a provision for mechanically [drawing air
across the thermometers at some predetermined-yelocity;

Dewpoint: Temperature at which water vapour has reached the saturation point (100 % relative
humidity);

Dry-bulb temperature: The temperature of air measured by a thermometer with a dry senfor, shielded
from|extraneous radiation;

Hygrometer: An instrumentto directly determine the relative humidity level of moist air;

Psychrometer: An instrfument for determining relative humidity by using two thermometers to
meagure the wet-bulb.and dry-bulb temperatures of air;

Relafive humidity: The ratio, in percent, of the mole fraction of water vapour in an air sgmple to the
mole|fraction imasaturated sample at the same temperature and pressure;

Saturationsvapour pressure: The maximum vapour pressure that can be supported by ah air sample
at a giveni temperature and pressure;

Slingpsychromreter—Apsychrometerwhereinrtireairmmovementover-thethermometerstsproduced by
rapidly whirling the instrument, typically manually;

Stem: The portion of a thermometer that does not contain the sensor;
Thermometer: Any temperature measuring device or system;

Vapour pressure: The fraction of the ambient pressure that is due to the fraction of water vapour in the
air sample;

Wet-bulb depression: The temperature difference between the dry-bulb temperature and wet-bulb
temperature of an air sample;

Wet-bulb temperature: The equilibrium temperature measured by a thermometer with a sensor,
shielded from extraneous radiation and covered with a wetted wick, placed in a moving airstream.
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It closely approximates, but is not equal to, the thermodynamic wet-bulb temperature (which is fully

adiabatic).

B.3 References

See References [33] to [36].

B.4 Psychrometers
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smoothly ro
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B.4.3.3 Mounting thermometers

The thermometers shall be mounted with the axes of the sensors parallel and separated by a distance of
not less than three times the overall diameter of the wet sensor (including the wet-bulb covering) and so
that a line drawn to connect the free ends of the sensors is perpendicular to the axes.

B.4.3.4 Thermometer clearance

The stem of each thermometer shall be clear of obstructions and freely exposed to the airstream over
a length, measured from the sensor, of not less than 1,5 times the length of the wicking covering the
sensor as described in B.4.4.4.
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B.4.3.5 Electrical connecting wire

The connecting wires of electrical thermometers shall be contained within the supporting stems and

shall

be isolated from the moisture in the wet-bulb covering.

B.4.4 Wet-bulb covering, wick, and water reservoir

B.4.4.1

Wet-bulb covering

The wet-bulb covering shall be fabricated from hydrophilic, undressed, white cotton muslin made from
thread of linear density between 1 tex and 15 tex and having 20 threads to 25 threads per cm warp and

weft
to th

B.4.4

Aftel
thor

B.4.4

The (
that
exce
thet
and 4

B.4.4

The ¥
and s
high
bulb
near

B.4.4
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shall
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B.4.4

A seamless sleeve is preferred, but a seam is permitted provided that it does not add
e general roughness that the weave imparts to the surface.

.2 Cleaning of fabricated covering

fabrication, the covering and wick shall be washed in a dilute solution‘of sodium ca
ughly rinsed with distilled water. Subsequently, the wicks should notbe touched with |

.3 Fit of fabricated covering

overing shall completely and snugly cover the sensor. It shall'extend onto the stem for s
the error in the observed wet-bulb temperature due to*heat conduction along the st
ed 0,05 °C. The wick shall be tied with cotton thread, ahd turned inside out, so that thg
e-offis inside against the tip of the sensor. This reduces any void area between the tip
he wick.

4 Wick placement
vick connecting the covering to the water reservoir shall consist of twisted threads of y
st rates of evaporation. The freg-length of the wick shall be at least twice the diamete

and at least three times the wick'diameter to ensure the water arriving at the coveriy
y at the wet-bulb temperature. The wick shall be limp.

.5 Elimination of air contact with wet-bulb

r than in the immediate proximity of the connection to the covering, air that passes o

ing that extends onto the stem.

.6 Water reservoir system

hall have the minimum cross section'¢onsistent with an adequate water feed to the wetr

appreciably

rbonate and
bare fingers.

ich distance
bm does not
excess past
f the sensor

white cotton
bulb for the
r of the wet-
1g is already

ver the wick

not impinge ofi'the wet-bulb. With axial ventilation, the wick shall be attached to thalt part of the

he wick and

The ¥

vater reservoir shall contain sufficient volume of water to adequately supply water to {

wet-
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an adequate

flow of water to the covering, the water level in the reservoir shall be not more that 25 mm below the

level

of the lowest part of the wet-bulb.

B.4.4.7 Elimination of airflow with water reservoir

The water reservoir shall not obstruct the airflow through the psychrometer and its contents shall not

affec
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B.4.5 Airflow

B.4.5.1 Aspiration of psychrometer

The psychrometer shall be mechanically aspirated, preferably by an electrically driven fan, producing a
steady velocity of air over the dry and wet bulbs ranging between 3 m/s and 6 m/s.

B.4.5.2 Direction of airflow

The direction of airflow shall be from the free end of each sensor toward the support end. The sample air
shall not pass over any obstruction or through a fan before it passes over the wet and dry bulbs

B.4.5.3 Elimination of airflow on dry bulb

No air that has been cooled by the wet-bulb or by the wick shall impinge on the dry bulBJAir that has
been dischafged from the instrument shall not return locally to the incoming air.

B.4.6 Radiation shields

B.4.6.1 Dimensions of radiation shields

Radiation shields shall be metal, 0,4 mm to 0,8 mm thick. Surfaces that shall be polished shall be nade
of a bare, brjghtness-retaining metal.

B.4.6.2 Cdncentric radiation shield with axial ventilation

With axial ventilation, concentric radiation shields, polishéd inside and out, shall be provided for the wet
and dry bulbs. (The shield around the wet-bulb plays avital role in reducing the radiative heat trapsfer
between the bulb and its surroundings, by approximately a factor of three). The diameter of the shield
shall be not|less than 1,8d and not greater than 2,5d, where d is the overall diameter of the wet-bulb,
including thie covering. Its length and position.§hall be such that its projection beyond each end df the
wet covering is not less than d and not gredter than 3d. The entrance to the shield should be flarpd to
form a bellmouth to prevent the flow separation from the inside of the shield. The shield also can gerve
as a duct for| the airflow.

If a second pair of concentric cylindrical radiation shields is provided outside the first, they shall be
polished ingide and out, and thelinner shields shall be uniform cylinders over their whole length| The
entrance of ach outer shield-shall be slightly forward of the entrance of the inner shield and flargd to
form a bellnpouth. The designShould produce an air velocity between the inner and outer shields that is
equivalent tp that in the‘imer shield.

B.4.6.3 Paralle] plate radiation shield for transverse ventilation

With traverseventilation, radiation shields in the form of parallel plates shall be provided to shield the
wet and dry SeEmS0Trs IO eXIraneous radiation. A Siietd cam atso be provided between sensors. The
shields shall be flared outward at the entrance to prevent flow separation on the inside and shaped
to direct the airstream over the entire sensor and that part of the stem and wick which lie within the
shield. Any shield surface which faces one or both of the sensors shall be flat black; all other surfaces
shall be polished.

B.5 Hygrometers

B.5.1 General

B.5 addresses the use of hygrometers to determine the ambient or entering air relative humidity.
The range of determination is site dependent, and can be contractually specified. Otherwise it shall
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be spanning no less than 30 % to 95 % over a span of temperatures of the air ranging from +5 °C of
expected test conditions.

B.5.2 Overview of existing devices

B.5.2.1 Hygrometers

Hygrometers are industrial devices, well suited for cooling tower testing, as long as they are properly
used. Several types of hygrometers are available, the more widespread being resistive hygrometers and
capacitance hygrometers.
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.2 Necessity for hygrometer adjustment

ured value over a specific span of dry-bulb temperature and relative humidity. Neve
ksary to check the adjustment of such devices before using it, due to the fa¢tthat outpu
I between two devices from a same category. Adjustment checking of dny’hygromete
by consuming, because it ideally requires adjusting several relative humidity values

temperature.

.3 Selection of hygrometer

rience shows that capacitance hygrometers are more reliable and generally of better
tive hygrometers. As a result, it seems that capacitance*hygrometers are the most suit
ying relative humidity measurement or cooling tower testing, up to now.

B8 Capacitance hygrometers

.1 Range

" range of use spans from 0 % to 100% relative humidity, for a range of dry-bulb tempe
Cto 100 °C. Their response timeisaround a few seconds, but can be higher when relatj
br 90 %. Typically, the accuracy is £3,0 %.

.2 Adjustment
Fical adjustment cheeking only requires three points: it is suitable to adjust 20 %, 50

jve humidity at aiele value of dry-bulb temperature, which can be 23 °C, or any other sit

.3 Shielding

citance hygrometers shall be shielded from extraneous radiation and protected from

principle of measurement relies on the manufacturer’s know-how, the latter guaranteeing any

"theless it is
[ signals can
is time and
for any dry-

quality than
able devices

atures from
ve humidity

0, and 80 %
b-dependent

rain, as well
sult in false

bhstrong wind, in order to avoid any vibration of the sensing element that could r¢

capacities. Air circulation around the hygrometer within the protecting device shall be allowed.

B.5.3.4 Placement

When hygrometers are at the air inlet to measure entering air relative humidity, suitable air circulation
is directly provided from the draft. When hygrometers are on top of a meteorological mast to measure
ambient air relative humidity, a blower should be used to ventilate the hygrometer within the protecting
device, with a velocity of air of around 2 m/s.

B.5.3.5 Errors induced by condensation
Users of capacitive devices should be aware that if condensation occurs on the device (e.g. passing below

the dewpoint), the readings are unreliable until after the device becomes fully dried out.
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Annex C
(normative)

Inlet-air temperature measurement locations

C.1 Location of wet-bulb instrumentation (or dry-bulb and relative humidity)

C.1.1 Air jnlet wet-bulb temperature (or dry-bulb and relative humidity)

For the megsurement of inlet wet-bulb temperature, the instruments shall be located approximitely
1,5 m outside the air intake(s). Care should be taken to ensure that splashing at the air‘inlet doefs not
affect the instruments. A sufficient number of measurement stations shall be appliedto ensure th3at the
test average is an accurate presentation of the true average inlet wet-bulb temperature. The numhber of
instrumentation stations is determined as follows by tower type. An instrumentation grid can th¢n be
developed fpr location of wet-bulb stations on the air inlet of the tower. The same principles apply to
location of dry bulb and relative humidity instruments used in lieu of wetzbulb instruments. In that|case,

the minimu

C.1.2 Mes

jsurement stations

n number of horizontal levels for relative humidity shall be-gne.

Sufficient nmpeasurement stations shall be employed on eachh tower inlet face to ensure the| test

measureme
measureme
circulation i
not be less t

ht is representative of the entering wet-bulb temperature. When determining the number of
Nt points on a given face, particular attentionsshould be given to the possible presence f re-
ind interference. In any case, the number-offmeasurement points on any air inlet face|shall
han Ny}, as determined below, rounded ipward to the next integer.

Mechanical

Iraft cooling tower

Nub=0/65 (4)0.33

Wet/dry coo

ing tower

Nugb = 0,65 (4)0.33

Closed circu

t

Nuwb = 0,65 (4)0.33

Round or polygonal mechanical draft ¢odl- |Nyp = 0,65 (A)04
ing tower
Natural draff tower Hai<12 m Nwp =12
Hai>12m Nwb =16
NOTE Wiith Nyp £ minimum number of wet-bulb instruments and A = area of air inlet face, expresded in

square metrg

S.
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C.1.3 Horizontal levels
C.1.3.1 Mechanical draft

C.1.3.1.1 Gridlines

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 (GLy) is determined from the following guideline.

Forairintetheight— | Numberothorizentalgriddevels{6h)
<4m GL=1
<8m GL=2
<15m GL=3
>15m GL=3

C.1.3.1.2 Horizontal grids

The horizontal grid lines are to be located based on the followingformulae.

Number of horizontal grid levels (G/L) Height of grid levels (H;)
GL=1 H1=H,ix 0,5
GL=2 H1 = Hyj x 0,25, H2 = Hyj x 0,75
GL=3 H1 = Haj x 0,167, H2 = Hai % 0,5,
- H3 = H,; x 0,833
H1 = Hyj x 0,125, H2 = Hyj x 0,375
GL=4

H3 = H,j x 0,625, H4 = Hy5 x 0,875

wherte

:I:l through H4  is the heightof each horizontal grid line;

ai is the-airinlet height.

C.1.3.2 Natural-draft

Wet-pulb instfument locations should be located at the intersect of vertical and horizontal grid lines.

C.1.3.2.1 ‘Horizontal levels

Asin C.1.3.1.1, the number of horizontal levels (GL) is determined from the following guideline.

. . Number of horizontal
For air inlet height grid levels (G/L)
<12m GL=3
>12m GL=4
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C.1.3.2.2 Horizontal grid lines

The horizon

tal grid lines are to be located based on the following formulae.

Horizontal grid levels (G/L) Height of grid levels (s)

H1 = H,j x 0,167, H2 = Hyj x 5,
H3 =H,i x 0,833

H1 = Haj x 0,125, H2 = Hy; x 0,375,
H3 = Hyj x 0,625, H4 = Hyj x 0,875

GL=3

GL=4

C.1.4 Ver
The numbey

GS =Nw

where
GS
wa
GL i

C.1.5 Pos

If practical,
of wet/dry
inlets, treat

C.2 Loca

For the mea
draft tower

fcal gridstrings

b / GL

s the number of grid strings;
s the measurement point;

s the number of grid lines.

ition of instruments in equal area sections

the air temperature shall be measured at the centre of equal-area air inlet sections. In|

bd as separate faces.
fion of inlet-air dry-bulb instrumentation

, the instruments shallbe located on the same basis as for the wet-bulb temperature.

of equally spaced vertical grid strings (GS) is then determined from the Formuld (G.1),

70

(G.1)

case

ooling towers, the instruments shall*be located both in front of wet and dry section air

surement of inlet dry-balb temperature on wet/dry, natural draft, and fan-assisted nafural
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Annex D
(normative)

Thermodynamic properties of moist air

D.1 General
Anngx D provides reliable psychrometric data, developed from the perfect gas law relationships for dry
and moist air with corrections to account for the effect of dissolved gases on properties ?licondensed
phasg, the effect of pressure on properties of condensed phase, and the effect of¢intérmolecular force
on properties of moisture itself. The data are provided in two forms, the computer program listing in
“BAYIC” (below) and representative tabular values.
D.2 | Psychrometric data
Thesfe psychrometric data are provided, not in the belief they are dny more accurate than other systems,
but ffather to provide a convenient resource for all parties to.the test, the use of which|will ensure
cons]stent and reproducible test evaluations.
PSYCH program v3.5 RSB
1/30/97
The program follows ASHRAI 1989 fundamental implententation of the psychrometric properties qf moist
air. If assumes ideal gas laws modified by experimental factor, Fs. The Fs table has an improved curjve fit from
Hylahd-Wexler values by RHH (1-97). Major modifications to separate SI property functions and cglculate all
SI prpperties explicitly according to 1993 ASHRAE equations. SI formulation still uses RHH Fs fit (IP units). All
other values strictly adhere to ASHRAE 1993,SI.
DEF FNFs (t, P)
NEW IMPROVED FS Enhancement Factor 0 - 200 °F — RHH 1-19-97
C1=1,000119
C2 =9,184907E-06
C3=1,286098E-11
C4 ==1y593274E-13
C5=2,872637E-04
C6 =-1,618048E-06
C7 =1,467535E-08
€8 =2,41896E-12
C9 =-1,371762E-10
C10 = -8,565893E-10
C11 =1,229524E-10
C12 =-2,336628E-11
FS1#=C1+C2*t+C3*t"4+C4*t"5+C5*P+C6*P*t
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FS1# =FS1#+C7*P*t*2+C8*P*t*4+C9*t*P" 4

FNFs=FS1#+ C10*t"2*P" 2+ C11*t"2*P~3+Cl12*P"2*t"3

END DEF

Function calculates IP Vapour pressure of Water Vapour (-148 °F to 392 °F)
DEF FNIPPws (tair!)

Calculate saturation pressure at t!

[F tair! < 32thren

C8=-10 440,397 08#

C9 =-11,294 649 6#

C10 F -0,027 022 355#

C11F 0,000 012 890 36#

C12F-0,000 000 002 478 068#

C13F 6,545 967 3#

t = tair! + 459,67

LnPws=C8 /t+CO9+C10*t+Cl1*t*t+ C12*t*t* 4 C13 * LOG(t)

FNIFPws = EXP(LnPws) ‘ASHRAE Formula (4)
ELSE
C1=-10 214,164 62#
C2 =-4,893(503 01#
C3=-0,005[376 579 44#
C4=0,000 00 192 023 769#
C5=3,557 583 16D-10
C6 =-9,034[468 83D-14
C7 =4,163 501 9#

t = tairl+ 459,67

(/8]

AppCA*EHp g o ke ek, Cokpkpx ke, 07 %1 QG

LnPws = C1Lt=C2+C
FNIPPws = EXP(LnPws) ‘ASHRAE Formula (3)
END IF
END DEF
Function calculates SI Vapour pressure of Water Vapour (-100° to 200°)
DEF FNSIPws (tair!)
Calculate saturation pressure at t!

IF tair! > =0 THEN
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C8=-5800,220 6#

C9 =-5,516 256#

C10 =-0,048 640 239#
C11=0,000 041 764 768#
C12=-0,000 000 014 452 093#
C13=6,545967 3#
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LnPy

ELSH

LnPy

END
DIM

UNIT
UNIT

VS

VS

t=tairt+273;15
=C8/t+CO9+CIO*t+Cl1*t*t+Cl2*t*t*t+ C13*LOG(t)
FNSIPws = EXP(LnPws) ‘ASHRAE Formula (4)

C1=-5674,5359#
C2=-0,515230 58#
C3=-0,009 677 843#
C4 =0,000 000 622 157 01#
C5=0,000000002 074 782 5#
C6 =-9,484 024 000 000 001D-13
C7 =4,163 501 9#

t =tair! + 273,15

=Cl/t+C2+C3*t+CA4*t*t+Co*t*t*t+Co* t*t*t*t+ C7*LOG()

FNSIPws = EXP(LnPws) ‘ASHRAE Formula (3)
END IF

DEF

UNITS$(8)

S$(1) =“BTU/lbm dry air”: UNITS$(2) = “kJ/kg dry air”
S$(B)="“1b mix/ft"3”: UNITS$(4) = “kg mix/m"3”

UNIESSL5) = “ftA3 /1 dev gir” UNITSS$(6) = “mA3 /lea dyvu qip”
13+ H—a/B-ay ooy /4 g-a ¥

UNITS$(7) = “Ib water/Ib dry air”: UNITS$(8) = “kg water/kg dry air”
COLOUR15,1,1

main:

CLS: PRINT: PRINT

INPUT “IP or SI Units (I or S)”, UNIT$

IF UCASE$(UNITS) = “S” THEN

[%=2
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INPUT “Barometric Pressure (kPa), Wet Bulb (C), Dry Bulb (C)=“; P!, wbC, dbC

GOTO SICalc

ELSE

[1%=1

INPUT “Barometric Pressure (in Hg), Wet Bulb (F), Dry Bulb (F) “ in Hg, wbF, dbF

Psi = 14,696 * inHg / 29,921

END IF

Given WB and DB Calculate IP psychrometric properties routine

[PCalc:

P! = Psi: twl

! = wbF: tdb! = dbF

Calculate vapour pressure and Fs factor at wb and db temperature

Pws
Pws
Fs.dl
Fs.wji
Calculate sa
and Fs corrd
Ws.y
Calculate hy

HUM
twb!) ‘ASHR

[F HUMIDR4

db = FNIPPws(tdb!)

wb = FNIPPws(twb!)

b = FNFs(tdb!, P!)

b = FNFs(twb!, P!)

turated humidity ratio at twb using saturation pressure (Pws) at twb,

ction factor at twb

vb = 0,621 98 x Pws.wb * Fs.wb A(P! - Pws.wb * Fs.wb) ‘ASHRAE Formula (21a)
midity ratio of the mixture

[IDRATIO = ((1 093 -.0,556 * twb!) * Ws.wb - 0,24 * (tdb! - twb!)) / (1 093 + 0,444 *{
AE Formula (33)

ATIO < 0, THEN-RRINT “Humid Ratio < 0 INVALID CONDITIONS” GOTO CHOICE

Calculate saturated humidity ratio at tdb using saturation pressure(Pws) at tdb and correction f

Fs attdb
Ws.d

b =(0,62198 * Pws.db * Fs.db / (P! - Pws.db * Fs.db) ‘ASHRAE Formula (21a)

db! -

Actor

Calculate d

gree of saturation

DegofSat = HUMIDRATIO / Ws.db ‘ASHRAE Formula (10)

Calculate relative humidity

RelHumid = DegofSat / (1 - (1 - DegofSat) * (Fs.db * Pws.db / P!)) ‘ASHRAE Formula (23a)

Calculate sp

Ra=

ecific volume

53,352 / 144 ‘ to change gas constant to psi per foot

SpVolume = Ra * (tdb! + 459,67) * (1 + 1,6078 * HUMIDRATIO) / P! ‘ASHRAE Formula (26)

Calculate density
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Density = (1 + HUMIDRATIO) / SpVolume
Calculate enthalpy

Enthalpy = 0,24 * tdb! + HUMIDRATIO * (1 061 + 0,444 * tdb!) ‘ASHRAE Formula (30)
GOTO PRINTVAL
Given WB and DB Calculate SI psychometric properties routine

SICalc:

de 1.l Joldnallal ) al
LW, = WbDuL., tUu. = Uu

Calcylate vapour pressure and Fs factor at wb and db temperature
Pws.db = FNSIPws(tdb!)

Pws.wb = FNSIPws(twb!)

tF! =tdb! * 1,8 + 32

Ppsi! = 14,696 * P! / 101,325

Fs.db = FNFs(tF!, Ppsi!)

tFl=twb!* 1,8 + 32

Fs.wb = FNFs(tF!, Ppsi!)

Calcylate saturated humidity ratio at twb using .saturation pressure (Pws) at twb,and Fp correction
factdr at twb

Ws.wb = 0,62198 * Pws.wb * Fs.wb /A(P! - Pws.wb * Fs.wb) ‘ASHRAE Formula (21a)
Calcylate humidity ratio of the mixture

HUMIDRATIO = ((2 501 -?,381 * twb!) * Ws.wb - (tdb! - twb!)) / (2 501 + 1,805 * t¢b! — 4,186 *
twb!) ‘ASHRAE Formula (33)

[F H:[MIDRATIO < 0, THEN-PRINT “HumidRatio < 0 INVALID CONDITIONS”: GOTO CHOICE

Calcylate saturated humidity ratio at tdb using saturation pressure(Pws) at tdb and correction factor
Fs at|tdb

Ws.db,='0;62198 * Pws.db * Fs.db / (P! - Pws.db * Fs.db) ‘ASHRAE Formula (21a)

Calcylate degree of saturation

DegofSat = HUMIDRATIO / Ws.db ‘ASHRAE Formula (10)

Calculate relative humidity

RelHumid = DegofSat / (1 - (1 - DegofSat) * (Fs.db * Pws.db / P!)) ‘ASHRAE Formula (23a)
Calculate specific volume

Ra =287,055 /1000 ‘ to change gas constant units convert kPa to Pa

SpVolume = Ra * (tdb! + 273,15) * (1 + 1,6078 * HUMIDRATIO) / P! ‘ASHRAE Formula (26)
Calculate density

Density = (1 + HUMIDRATIO) / SpVolume
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Calculate enthalpy

Enthalpy = 1,006 * tdb! + HUMIDRATIO * (2 501 + 1,805 * tdb!) ‘ASHRAE Formula (30)
PRINTVAL:

PRINT: PRINT USING “Enthalpy = ####.#### &”; Enthalpy; UNITSS$(I %)

PRINT USING “Density = #.##### &”; Density; UNITS$(I % + 2)

PRINT USING “Specific Volume = ###.#### &”; SpVolume; UNITS$(I % + 4)

PRINTUSING“Humidity Ratio=#H#####&5 HIMIDRA
PRINT USING “Relative Humidity = ###.## percent”; RelHumid * 100
CHOICE:
PRINT: PRINT “Press any Key to Continue”
DO
CHOICES$ = INKEY$
LOOP UNTIL CHOICE$ < > ““
GOTO main

Table D.l — Enthalpy of saturated air — Water vapourmixtures at 101,325 kPa (sea levell)

°C 0,0 0,1 0,2 0,3 0,4 0;5 0,6 0,7 0,8 0,9 °C
0 | 9478B | 9,6490 | 9,8203 | 99920 | 10,164 |.10,337 | 10,510 | 10,684 | 10,858 | 11,032 || 0
1 11,207 | 11,383 | 11,559 | 11,736 | 11,913 | 12,090 | 12,268 | 12,447 | 12,626 | 12,805 1
2 12985 | 13,166 | 13,347 | 13,529 | ¥3;711 | 13,894 | 14,077 | 14,261 | 14,445 | 14,630 2
3 14,81p | 15,002 | 15,188 | 15,375 | 15,563 | 15,751 | 15940 | 16,129 | 16,319 | 16,510 3
4 | 16,70 | 16,892 | 17,085 | 17,27~ | 17471 | 17,665 | 17,859 | 18,055 | 18,250 | 18,447 || 4
5 | 18,64¢4 | 18,842 | 19,040 | 19,239 | 19,438 | 19,638 | 19,839 | 20,041 | 20,243 | 20,445 |[ 5
6 20,649 | 20,853 | 21,057.-21,263 | 21,469 | 21,675 | 21,883 | 22,091 | 22,299 | 22,509 6
7 22,71p | 22,930 | 23941 | 23,353 | 23,566 | 23,780 | 23,994 | 24,209 | 24,424 | 24,641 7
8 24,858 | 25,076 [K.25;294 | 25,514 | 25,734 | 25954 | 26,176 | 26,398 | 26,621 | 26,845 8
9 27,07p | 27,295\Y 27,521 | 27,748 | 27976 | 28,204 | 28,434 | 28,664 | 28,895 | 29,126 9
10 | 29,359 | 29,592 | 29,826 | 30,061 | 30,297 | 30,533 | 30,771 | 31,009 | 31,248 | 31,488 || 10
11 | 31,72P¢}- 31,971 | 32,213 | 32,457 | 32,701 | 32,946 | 33,192 | 33,439 | 33,687 | 33,936 || 11
12 | 34,18 34,436 | 34,687 | 34,939 | 35,193 | 35,447 | 35,702 | 35958 | 36,215 | 36,473 | 12
13 | 36,732 | 36,992 | 37,253 | 37,515 | 37,777 | 38,041 | 38,306 | 38,572 | 38,838 | 39,106 | 13
14 | 39,375 | 39,645 | 39915 | 40,187 | 40,460 | 40,734 | 41,009 | 41,285 | 41,562 | 41,840 | 14
15 | 42,119 | 42,399 | 42,680 | 42962 | 43,246 | 43,530 | 43,816 | 44,103 | 44,390 | 44,679 | 15
16 | 44,969 | 45,260 | 45,553 | 45,846 | 46,141 | 46,436 | 46,733 | 47,031 | 47,330 | 47,631 | 16
17 | 47932 | 48,235 | 48,539 | 48,844 | 49,150 | 49,458 | 49,767 | 50,077 | 50,388 | 50,700 | 17
18 | 51,014 | 51,329 | 51,645 | 51,963 | 52,282 | 52,602 | 52,923 | 53,246 | 53,569 | 53,895 | 18
19 | 54,221 | 54,549 | 54,878 | 55,209 | 55,541 | 55,874 | 56,208 | 56,544 | 56,882 | 57,220 | 19
20 | 57,560 | 57902 | 58,245 | 58,589 | 58935 | 59,282 | 59,630 | 59,980 | 60,332 | 60,685 | 20
21 | 61,039 | 61,395 | 61,752 | 62,111 | 62,471 | 62,833 | 63,196 | 63,561 | 63,927 | 64,295 | 21
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°C 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 °C
22 | 64,664 | 65,035 | 65,408 | 65,781 | 66,157 | 66,534 | 66913 | 67,293 | 67,675 | 68,059 | 22
23 | 68,444 | 68,831 | 69,220 | 69,610 | 70,001 | 70,395 | 70,790 | 71,187 | 71,585 | 71,986 | 23
24 | 72,388 | 72,791 | 73,197 | 73,604 | 74,012 | 74,423 | 74,835 | 75,250 | 75,666 | 76,083 | 24
25 | 76,503 | 76,924 | 77,347 | 77,772 | 78,199 | 78,628 | 79,058 | 79,491 | 79,925 | 80,361 | 25
26 | 80,800 | 81,240 | 81,682 | 82,125 | 82,571 | 83,019 | 83,469 | 83,920 | 84,374 | 84,830 | 26
27 | 85,287 | 85,747 | 86,209 | 86,673 | 87,138 | 87,606 | 88,076 | 88,548 | 89,022 | 89,499 | 27
28 || 89977 | 90,457 | 90,940 | 91,425 | 91,912 | 92,401 | 92,892 | 93,385 | 93,881 [N94,379 | 28
29 || 94,879 | 95,381 | 95,886 | 96,392 | 96,902 | 97,413 | 97927 | 98,443 | 98,961y | 99,482 | 29
30| 100,01 | 100,53 | 101,06 | 101,59 | 102,12 | 102,66 | 103,19 | 103,73 | 104,28 | 104,82 | 30
31 || 105,37 | 10592 | 106,47 | 107,02 | 107,58 | 108,14 | 108,70 | 109,27-109,84 | 110,41 | 31
32| 110,98 | 111,55 | 112,13 | 112,71 | 113,30 | 113,88 | 114,47 | 115,06 | 115,66 | 116,25 | 32
33| 116,85 | 117,46 | 118,06 | 118,67 | 119,28 | 119,89 | 120,51 |A2%,13 | 121,75 | 122,38 | 33
34| 123,01 | 123,64 | 124,27 | 124,91 | 125,55 | 126,19 | 126,84 127,49 | 128,14 | 128,79 | 34
351 12945 | 130,11 | 130,78 | 131,44 | 132,12 | 132,79 | 13347 | 134,15 | 134,83 | 135,52 | 35
36 || 136,21 | 136,90 | 137,60 | 138,29 | 139,00 | 139,70 (140,41 | 141,13 | 141,84 | 142,56 | 36
37 || 143,29 | 144,01 | 144,74 | 145,48 | 146,21 | 14695\ 147,70 | 148,45 | 149,20 | 149,95 | 37
38 || 150,71 | 151,47 | 152,24 | 153,01 | 153,78 | 154,56 | 155,34 | 156,13 | 156,91 | 157,71 | 38
39 || 158,50 | 159,30 | 160,11 | 160,91 | 161,72 { 162,54 | 163,36 | 164,18 | 165,01 | 165,84 | 39
40 || 166,68 | 167,52 | 168,36 | 169,21 | 170,06’ | 170,92 | 171,78 | 172,64 | 173,51 | 174,38 | 40
41 || 175,26 | 176,14 | 177,03 17792 | 178,81 | 179,71 | 180,62 | 181,52 | 182,44 | 183,35 | 41
42 || 184,27 | 185,20 | 186,13 | 187,07-{~188,01 | 188,95 | 18990 | 190,85 | 191,81 | 192,78 | 42
43 || 193,74 | 194,72 | 195,70 | 196,68 | 197,67 | 198,66 | 199,66 | 200,66 | 201,67 | 202,68 | 43
44 1| 203,70 | 204,72 | 205,75 |%206,78 | 207,82 | 208,87 | 209,91 | 210,97 | 212,03 | 213,09 | 44
45 || 214,16 | 215,24 | 216,32 )| 217,41 | 218,50 | 219,60 | 220,70 | 221,81 | 222,93 | 224,05 | 45
46 || 225,18 | 226,31 | 22745 | 228,59 | 229,74 | 230,89 | 232,06 | 233,22 | 234,40 | 235,58 | 46
47 || 236,76 | 23795.%7239,15 | 240,36 | 241,57 | 242,78 | 244,01 | 245,24 | 246,47 | 447,71 | 47
48 || 248,96 | 250;227| 251,48 | 252,75 | 254,02 | 255,30 | 256,59 | 257,89 | 259,19 | 260,50 | 48
49 || 261,81 |.263,14 | 264,47 | 265,80 | 267,14 | 268,50 | 269,85 | 271,22 | 272,59 | 273,97 | 49
50 || 275,368])276,75 | 278,15 | 279,56 | 280,98 | 282,40 | 283,83 | 285,27 | 286,72 | 288,18 | 50
51 || 289,64 | 291,11 | 292,59 | 294,07 | 295,57 | 297,07 | 298,58 | 300,10 | 301,63 | 303,16 | 51
52 1|<304,71 | 306,26 | 307,82 | 309,39 | 310,97 | 312,55 | 314,15 | 315,75 | 317,36 | 318,99 | 52
53 | 320,62 | 322,25 | 323,90 | 325,56 | 327,23 | 328,90 | 330,59 | 332,28 | 333,98 | 335,70 | 53
54 | 33742 | 339,15 | 340,89 | 342,64 | 344,41 | 346,18 | 34796 | 349,75 | 351,55 | 353,36 | 54
55 | 355,18 | 357,01 | 358,86 | 360,71 | 362,57 | 364,44 | 366,33 | 368,22 | 370,13 | 372,04 | 55
56 | 373,97 | 37591 | 37786 | 379,82 | 381,79 | 383,77 | 385,77 | 387,77 | 389,79 | 391,82 | 56
57 | 393,86 | 39591 | 39798 | 400,05 | 402,14 | 404,24 | 406,36 | 408,48 | 410,62 | 412,77 | 57
58 | 414,93 | 417,11 | 419,29 | 421,49 | 423,71 | 42594 | 428,18 | 430,43 | 432,70 | 434,98 | 58
59 | 437,27 | 439,58 | 44190 | 444,23 | 446,58 | 44895 | 451,32 | 453,72 | 456,12 | 458,54 | 59
60 | 460,98 | 463,43 | 465,89 | 468,37 | 470,87 | 473,38 | 47590 | 478,44 | 481,00 | 483,57 | 60
61 | 486,16 | 488,76 | 491,38 | 494,02 | 496,67 | 499,34 | 502,02 | 504,72 | 507,44 | 510,18 | 61
62 | 512,93 | 515,70 | 518,49 | 521,29 | 524,12 | 526,96 | 529,81 | 532,69 | 535,58 | 538,50 | 62
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Table D.1 (continued)
°C 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 °C
63 | 541,43 | 544,38 | 547,35 | 550,34 | 553,34 | 556,37 | 559,41 | 562,48 | 565,57 | 568,67 | 63
64 | 571,80 | 57494 | 578,11 | 581,30 | 584,50 | 587,73 | 590,98 | 594,25 | 597,54 | 600,86 | 64
65 | 604,20 | 607,55 | 61093 | 614,34 | 617,76 | 621,21 | 624,68 | 628,18 | 631,70 | 635,24 | 65
66 | 638,81 | 642,40 | 646,01 | 649,65 | 653,32 | 657,01 | 660,72 | 664,46 | 668,23 | 672,02 | 66
67 | 675,84 | 679,68 | 683,55 | 68745 | 691,37 | 695,33 | 699,31 | 703,31 | 707,35 | 711,41 | 67
68 | 715,51 | 719,63 | 723,78 | 72796 | 732,17 | 736,41 | 740,69 | 744,99 | 749,32 | 753,69 | 68
69 | 758,08 | 762,51 | 76697 | 771,46 | 77599 | 780,55 | 785,14 | 789,76 | 794,43 799,125‘ 69
70 | 803,85 | 808,61 | 813,41 | 818,25 | 823,12 | 828,03 | 832,98 | 83796 | 842,99 SA@EE 70
. ’[/
Table D|2 — Properties of saturated air-water vapour mixtures at 101,325 lé ealevel)
~

°C Enthalpy Density Sp Vol HR °C °C Enthalpy Density Spkl’\‘u HR °C

0 9,4793 1,2893 | 0,77855 |0,00379| 0 — — — ‘CqU — -

1 11,207 1,2844 | 0,78176 |0,00408| 1 36 136,21 1,116 332 &9\3"0’697 9(0,0389675| B6

2 12,945 1,2795 | 0,78499 |0,00438| 2 37 143,29 1,111 305 109370118 |0,0413058| p7

3 14,816 1,2746 | 0,78826 |0,00471| 3 38 150,71 1,&9@5 0,9435326(0,0437751| P8

4 16,7(1 1,2697 | 0,79155 |0,00505| 4 39 158,50 &.1‘0\1 140 | 0,950 272 4(0,0463826| B9

5 18,644 1,2649 | 0,79487 |0,00542| 5 40 166,68hs‘s\I,095 996 |0,957 244 4|0,0491362| {0

6 20,649 1,2601 | 0,79823 |0,00582| 6 41 175,@6\‘0 1,090 809 | 0,964 4623 [0,0520442| W1

7 22,719 1,2552 | 0,80163 |0,00624| 7 42 A@,z? 1,085575 | 0,9719411 [0,0551155| W2

8 24,838 1,2504 | 0,80506 |0,00668| 8 43 4\%93,74 1,080293 |0,979 696 6 |0,0583594| }3

9 27,070 1,2457 | 0,80853 |0,00716| 9 4@ 203,70 1,074 959 | 0,987 7458 0,0617862| §4
10 29,349 1,2409 | 0,81205 {0,007 66| 10, -\,{‘45 214,16 1,069 571 [0,996 1069 |0,0654067| }5
11 31,749 1,2361 | 0,81561 | 0,008 20 @1)\\ 46 225,18 1,064 125 | 1,004799 [0,0692325| K6
12 34,145 1,2314 | 0,81922 {0,008 12 | a7 236,76 1,05862 | 1,013844 |0,0732761| W7
13 36,732 1,226 6 | 0,82288 o‘,.o@?}\% 13 | 48 248,96 1,053 052 | 1,023 264 [0,0775509| k8
14 39,315 1,2219 | 0,826 59| b01001| 14 | 49 261,81 1,047 419 | 1,033 084 |0,0820712| §9
15 42,119 1,217 2 0,83:@}- 0,01069| 15 | 50 275,36 1,041 717 | 1,043328 |0,0868528| FO
16 44,949 1,2124 | 0634 20 |001141| 16 | 51 289,64 1,035943 | 1,054 027 [0,0919121| p1
17 47992 1,207 76M38 09 [0,01218| 17 | 52 304,71 1,030 095 | 1,06521 [0,0972677| P2
18 51,014 1,29&?3 0,842 06 [0,01299| 18 | 53 320,62 1,024 168 | 1,076 912 |0,1029389| F3
19 54,231 ‘@/3 0,846 09 |0,01385| 19 | 54 337,42 1,018 161 | 1,089 167 |0,1089472| b4
20 57,56 0‘/<\Yﬁ93 5 |0,85020 |0,01476| 20 | 55 355,18 1,012 069 | 1,102015 |0,1153157| F5
21 61,0492 1,1888 | 0,85439 [0,01572] 21 | s6 373,97 1,00589 | 1,115499 |0,1220698| K6
22 64,664 1,1841 | 0,85867 |0,01674| 22 | 57 393,86 |0,9996198| 1,129667 |0,1292371| 57
23 68,444 1,1794 | 0,86303 |0,01782| 23 | 58 414,93 |0,9932551| 1,144568 [0,1368476| 58
24 72,388 1,1746 | 0,86749 [0,01896| 24 | 59 437,27  |0,9867924| 1,160259 [0,1449345| 59
25 76,503 1,1698 | 0,87205 |0,02017| 25 | 60 460,98 | 0,9802282 | 1,176 802 |0,1535341| 60
26 80,800 1,1651 | 0,87672 |0,02145| 26 | 61 486,16 | 09735589 | 1,194 264 |0,1626864| 61
27 85,287 1,1603 | 0,88150 |0,02280| 27 | 62 512,93 | 09667809 | 1,212721 [0,1724357| 62
28 89,977 1,1555 | 0,88639 |0,02422| 28 | 63 541,43 | 09598905 | 1,232256 [0,1828309| 63
29 94,879 1,1507 | 0,89141 |0,02573| 29 | 64 571,80 0952884 | 1,252961 [0,1939263| 64
30 100,01 1,1459 | 0,89656 |0,02733| 30 | 65 604,20 | 0,9457573| 1,274938 |0,2057823| 65
31 105,37 1,1410 | 090185 [0,02901| 31 | 66 638,81 |0,9385068| 1,298303 |0,2184667| 66
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°C Enthalpy Density Sp Vol HR °C °C Enthalpy Density Sp Vol HR °C
32 110,98 1,1361 | 0,90729 |0,03079| 32 | 67 675,84 |09311284 | 1,323185 |0,232055 | 67
33 116,85 1,1312 | 091289 [0,03267| 33 | 68 715,51 | 0,9236183 | 1,349727 |0,2466326| 68
34 123,01 1,1263 | 091865 |0,03466| 34 | 69 758,08 |09159724 | 1,378093 |0,2622952| 69
35 129,45 1,1213 | 0,92458 |0,03675| 35 | 70 803,85 090818 | 1,40846 | 0,27915 70
Table D.3 — Properties of saturated air-water vapour mixtures at 98,00 kPa

°C Enthalpy Density Sp Vol —HR C C Enthalpy Density Sp Vol :»HR °C
0 9,800 8 1,2469 | 0,80513 |0,00392| 0 — — — — Ar\\"—- —

1 11,555 1,2421 | 0,80846 |0,00421| 1 36 139,81 1,078 866 | 0,964 3:19’1}3,040 3713 36
2 13359 | 12374 |ogusz2| "Wt | 2 | 37 147,12 1,07396 |0, d)¥934 9(00427994| 37
3 15,218 1,2326 | 0,81521(0,00487| 3 38 154,80 1,069 017 Nog?)n 8737 (0,045(3641| 38
4 17,133 1,2279 |0,81863 |0,00523| 4 39 162,85 1,06@04‘@ 0,984 9989 [0,048(0731| 39
5 19,108 1,2232 | 0,82209|0,00561| 5 40 171,31 1;@9&{1 0,992 3747 (0,050/9347| 40
6 21,148 1,2186 | 0,82558(0,00602| 6 41 180,19 4 1053941 | 1,000016 |0,053l9577| 41
7 23,255 1,2139 | 0,82911 |0,00645| 7 42 189,5;\0‘ 1,048824 | 1,00794 [0,057[1515| 42
8 25,433 1,2092 | 0,83268(0,00691| 8 43 19\9\3\5 1,043 658 | 1,016 162 | 0,060526 | 43
9 27,686 1,2046 |0,83629 |0,00740| 9 44 S@%s 1,03844 | 1,024703 |0,0640921| 44
10 30,020 1,2000 | 0,83995|0,00792| 10 | 45, D 220,50 1,033167 | 1,033581 [0,067|8611| 45
11 32,437 1,1954 | 0,84366(0,00848| 11 | 46 231,93 1,027 835 | 1,042818 [0,071[8455| 46
12 34,944 1,1908 | 0,847 42 (0,00907| 12 \&47 243,96 1,022 444 | 1,052 438 [0,076/0585| 47
13 37,545 11862 | 0,85123 |0,00969], @3 | a8 256,63 1,016 989 | 1,062 464 |0,080(5143| 48
14 40,244 1,1816 | 0,85510 0,010 364~ 14 | a9 269,99 1,011 468 | 1,072924 |0,085(2284| 49
15 43,049 1,1770 | 0,859 04 |0,01 %| 15 | 50 284,08 1,005877 | 1,083 848 [0,090[2174| 50
16 45,964 11724 | 086304 |0,01181| 16 | 51 298,94 1,000 214 | 1,095265 [0,09514992| 51
17 48,996 1,167 8 0,8@&@A 0,01260| 17 | 52 314,63 0,994 476 | 1,107 209 |0,1010932| 52
18 52,151 1,163 2 0@1\"24 0,01344| 18 | 53 331,21 | 0,9886593| 1,119719 [0,107/0206| 53
19 55,436 1,158 6- \ 087546 0,01433| 19 | 54 348,74 09827607 | 1,132833 |0,113[3042| 54
20 58,858 1,1@" 0,879 75 0,01527| 20 | 55 367,28 | 0,9767773| 1,146596 |0,11900692| 55
21 62,424 94 |o088414 (001627 21 | 56 38691 | 09707056 | 1,161055 [0,127[0426| 56
22 66,143 _{>~1,1448 |0,88861(0,01732| 22 | 57 40771  |09645422| 1,176 262 |0,1345544| 57
23 70,0@,\)' 1,1402 | 0,893 18 [0,01844| 23 | 58 429,76 | 0,9582838| 1,192274 |0,142[5371| 58
24 ,(&7\1 1,1356 |0,89785(0,01962| 24 | 59 453,16  |0,9519269| 1,209 155 |0,151/0269| 59
25 Qj§,298 1,1310 | 090263 |0,02087| 25 | 60 478,01  |0,9454679| 1,226972 | 0,164 063 | 60
26 82,714 1,1264 | 090752 (0,02220 26 | 61 504,44 |0,9389033| 1,245804 |0,1696893| 61
27 87,328 1,1217 | 091253 [0,02360| 27 | 62 532,58  |0,9322293| 1,265734 |0,1799539| 62
28 92,152 1,1170 | 091767 |0,02508| 28 | 63 562,55 |0,9254423| 1,286856 |0,1909106| 63
29 97,197 1,1124 | 092295 [0,02664| 29 | 64 594,54 |0,9185386| 1,309274 | 0,202619 | 64
30 102,47 1,1076 | 092836 (0,02829| 30 | 65 628,71 | 09115144 | 1,333107 |0,2151458| 65
31 | 10800 | 11029 |093393(003004| 31 | 66 | 66527 |09043657| 1,358483 | %2285 | 4
32 113,78 1,0982 | 093965 (0,03189| 32 | 67 704,43 |0,8970886| 1,385551 [0,2429624| 67
33 119,84 1,0934 | 0,94554 |0,03384| 33 | 68 746,46 | 0,8896793| 1,414 477 025? 4311 48
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Table D.3 (continued)

°C Enthalpy Density Sp Vol -HR °C °C Enthalpy Density Sp Vol -HR °C
34 126,18 1,0886 | 095161 |0,03590| 34 | 69 791,65 |0,882133 7| 1,445448 [0,2750787| 69
35 | 13283 | 10837 |095786 | “03° | 35 | 70 | 84030 | 087444 | 147867 | 029302 | 70
Table D.4 — Properties of saturated air - Water vapour mixtures at 94,00 kPa
°C Enthalpy | Density | Sp Vol HR °C °C | Enthalpy | Density Sp Vol HR °C
0 10,219 11959 10.839621000409] 0 — — — — — _
1 12,0p5 1,1913 |0,84311(0,00439| 1 36 144,50 1,033 795 | 1,008 131 {0,042 208 36
2 13,8¢4 1,1867 |0,84663(0,00472| 2 37 152,12 1,029 035 | 1,015 268 [0,044/53 37
3 15,7B9 1,1822 |0,85018|0,00508| 3 38 160,12 1,024 236 | 1,022 651 |0,047°446| |38
4 17,6p4 1,1777 |0,85377|0,00545| 4 39 168,52 1,019 397 | 1,030 293./0,050 282 39
5 19,711 1,1731 |0,85740(0,00585| 5 40 177,34 1,014 515 | 1,038 212 {0,053 285| [40
6 21,7p5 1,1686 |0,86106(0,00627| 6 41 186,62 1,009 588 | 1{0467423 | 0,056 465 41
7 23,950 1,1642 (0,864 77(0,00673| 7 42 196,37 1,004 6121\1,054 945 {0,059 812 42
8 26,179 1,1597 |0,86852|0,00721| 8 43 206,63 0,9995862| 1,063 797 |0,063364| [43
9 28,486 1,1552 0,87232(0,00772| 9 44 217,42 0,994507 1| 1,072 999 | 0,067 116 44
10 30,878 1,1508 |0,87617|0,00826| 10 45 228,79 0,9893721| 1,082 576 {0,071 072 45
11 33,3p7 1,1463 |0,88007(0,00884| 11 46 240,76 0,984 1785| 1,092 549 | 0,075 265 46
12 35,99 1,1419 1(0,88402|0,00946| 12 47 253,37 0,9789234| 1,102946 | 0,079 70 47
13 38,5p9 1,1375 |0,88804(0,01011| 13 48 266,67 09736043| 1,113 794 [0,084399| [48
14 41,33 1,1330 |0,89212(0,01080| 14 49 280,70 0,9682179( 1,125 124 | 0,089 371 49
15 44,267 1,1286 |0,89627|0,01154| 15 50 295,51 0,9627615| 1,136 968 | 0,094 635 50
16 47,2b6 1,124 2 |0,90049(0,01232| .16 51 311,14 0,957 2319( 1,149 361 | 0,100 208 51
17 50,3[78 1,1198 [0,90478|0,01314| 17 | 52 327,67 |09516263| 1,162 342 |0,106 121 |52
18 53,6R8 1,1154 |0,909 15 |0,014:02| 18 | 53 345,14 |09459413| 1,175953 |0,112386| [53
19 57,0[14 1,1109 0,913 60 (0,01495| 19 54 363,63 0,9401737| 1,190 24 |0,119 033 54
20 60,543 1,106 5 |0,91815)/0,01593| 20 55 383,20 0,9343206( 1,205 252 {0,126 097 55
21 64,2P4 1,1021 |0,922778(0,01698| 21 56 403,95 0,9283783| 1,221 044 | 0,133 599 56
22 68,0p4 1,097 6~4.0,927 52 (0,01808| 22 57 425,96 0,9223437| 1,237 676 | 0,141 567 57
23 72,013 1,0932- |0,93236(0,01925| 23 58 449,31 0916 2132| 1,255214 {0,150 044| |58
24 76,29 1,0887 [0,93731|0,02048| 24 59 474,14 0,9099836( 1,273 729 | 0,159 078 59
25 80,6B2 1,0843 [0,94238(0,02179| 25 60 500,54 |0,9036511| 1,293303 /0,168 698 60
26 85,2p3 1,0798 10,94758/0,02317| 26 61 528,64 10,8972123| 1,314 024 10,178 963 61
27 89,982 1,0753 (0,95290(0,02464| 27 62 558,61 0,8906636( 1,33599 |0,189923 62
28 94,981 1,0708 |0,95836(0,02619| 28 63 590,59 0,8840011( 1,359 311 | 0,201 632 63
29 100,21 1,0662 [096397|0,02782| 29 64 624,77 0,8772212| 1,384 11 |0,214 174 64
30 105,69 1,0617 |0,969 7410,02955| 30 65 661,34 (0,8703201| 1,410524 |0,227 611 65
31 111,42 1,0571 |0,97567/0,03138| 31 66 700,54 |0,8632939| 1,438707 |0,242034| 66
32 117,43 1,0525 [0,98177(0,03331| 32 67 742,62 0,8561389| 1,468 835 0,257 532 67
33 123,72 1,0479 |0,98806/|0,03535| 33 68 787,88 0,8488509( 1,501 106 | 0,274 225 68
34 130,32 1,0432 |0,99454(0,03751| 34 69 836,64 [0,8414261| 1,535 743 (0,292 214 69
35 137,24 1,038 5 1,0012 |0,03979| 35 70 889,28 0,833 86 1,573 0,311 67 70
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Table D.5 — Properties of saturated air - Water vapour mixtures at 90,00 kPa

°C Enthalpy Density Sp Vol HR °C °C Enthalpy Density Sp Vol HR °C
0 10,675 1,144 9 0,877 19 10,004 27 0 — — — — — —
1 12,496 1,140 5 0,88086 |0,00459 1 36 149,64 0988724 | 1,056113 (0,0442045 36
2 14,373 1,1361 0,884 55 |0,004 94 2 37 157,60 09841092 | 1,063784 [0,0468795 37
3 16,308 1,1317 0,888 29 |0,00530 3 38 165,95 09794552 | 1,071725 | 0,049 707 38
4 18,305 1,127 4 0,892 06 |0,005 69 4 39 174,74 09747597 | 1,079 954 |0,0526959 39
5 20,368 1,123 0 0,89588 |0,00611 5 40 183,97 0,970 0204 | 1,088488 |0,0558557 40
6 22 501 11187 1089973 [000AGB5] 6 41 193,68 09652347 | 1097346 [00591965| 41
7 24,707 1,114 4 0,903 63 |0,00703 7 42 203,89 09604001 | 1,106 548 &@Q 7291 42
8 26,992 1,110 1 0,907 59 {0,007 53 8 43 214,65 09555142 | 1,116 11(7\()),(‘)66 4653 43
9 29,359 1,1058 0,911 59 |0,00807 9 44 22597 0,950 574 2 1,1{@‘}, 0,070417 3 44
10 31,813 1,101 6 091565 [0,00864| 10 45 23790 0,945 577 5 (1,?9%‘447 0,074598 8 45
11 34,359 1,097 3 091976 (0,00924| 11 46 250,48 0,940 521‘4’\‘1',)147 262 | 0,07p 024 46
12 37,003 1,093 0 092394 (0,00988| 12 47 263,74 0,935&2) 1,158 548 [0,0837087 47
13 39,749 1,088 8 092818 [0,01057| 13 48 277,73 0,%%0\21/9 5| 1,170336 [0,0846696 48
14 42,605 1,084 5 093249 |0,01129| 14 49 292,51 6,059};1 9681 | 1,182 662 |0,0939249 49
15 45,575 1,080 3 093687 [0,01206| 15 50 308}Q\ 0,919 6458 | 1,195563 |0,099494 4 50
16 48,666 1,076 0 0,941 33 |0,01287| 16 51 3&2& 0,914 2496 | 1,209 078 |0,1053995 51
17 51,885 1,0717 0,94588 |0,01374| 17 52 sQQZ‘,OG 09087765 | 1,223 253 [0,111{663 4 52
18 55,239 1,067 5 095051 [0,01466| 18 5;(‘&0 360,53 0,903 2233 | 1,238134 |0,1183117 53
19 58,736 1,063 2 0,95523 [0,01563| 19 \&4\ 380,10 0,897 586 8| 1,253775 |0,1253718 54
20 62,383 1,059 0 0,960 04 | 0,016 66 Z(I\\-) 55 400,84 0,8918638| 1,270 233 [0,13248744 55
21 66,189 1,054 7 0,964 96 | 0,017 75 \®1 56 422,85 0,886 051 1,287 57 |0,140[852 6 56
22 70,162 1,050 4 0,969 99 0,01.8%~ v22 57 446,21 0,8801451| 1,305856 | 0,149 343 57
23 74,312 1,0461 0,975 14 0@\1\% 23 58 471,05 0,874 1428 | 1,325168 |0,1583859 58
24 78,648 1,041 8 0,980 4& 10,02142| 24 59 497,48 0,8680403| 1,34559 | 0,168 026 59
25 83,181 1,037 5 0,9?@? 0,02279| 25 60 525,63 0,8618345| 1,367 214 [0,1783126 60
26 87,922 1,033 2 (9)\{33 0,02424| 26 61 555,65 0,8555216| 1,390 147 (0,1893005 61
27 92,882 1,028}“( :997 00 [0,02578| 27 62 587,70 0,849 098 | 1,414 502 |0,2010509 62
28 98,073 1,@%:'/ 1,0028 [0,02740| 28 63 621,97 0,8425601| 1,44041 (0,2136321 63
29 103,51 .6 1 1,0088 |0,02911| 29 64 658,65 0,8359041| 1,468016 [0,2271209 64
30 109,29\?& 1,0157 1,0150 [0,03093| 30 65 697,99 0,829126 4| 1,497 484 {0,2416033 65
31 11 1,011 3 1,0213 [0,03284| 31 66 740,23 0,8222229| 1,528998 | 0,25} 177 66
32 AIWZ 1,006 8 1,0278 [0,03487| 32 67 785,69 0,8151898| 1,562768 [0,2739524 67
33 <b }27,98 1,002 4 1,0346 [0,03701| 33 68 834,69 0,8080233| 1,599 033 [0,2920555 68
34 134,85 0,9978 5 1,0415 [0,03928| 34 69 887,61 0,8007193| 1,638065 [0,3116302 69
35 142,07 0,993 30 1,0487 |0,04167| 35 70 944,91 0,793 27 1,680 17 0,332 84 70
Table D.6 — Properties of saturated air - Water vapour mixtures at 86,00 kPa
°C Enthalpy Density Sp Vol HR °C °C Enthalpy Density Sp Vol HR °C
0 11,174 1,0939 0,91828 |0,00447| O — — — — — —
1 13,033 1,089 6 092214 |0,00481| 1 36 155,30 0,9436528| 1,108 891 |0,0464086| 36
2 14,950 1,085 4 092604 |0,00517| 2 37 163,63 09391834 1,117 169 |0,0492268| 37
3 16,929 1,0813 092997 |0,00555| 3 38 172,38 0934674 | 1,125 748 | 0,0522 07 38
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Table D.6 (continued)
°C Enthalpy Density Sp Vol HR °C °C Enthalpy Density Sp Vol HR °C
4 18,974 1,077 1 0,93395 (0,00596| 4 39 181,58 09301221 1,134 645 [0,0553586| 39
5 21,087 1,073 0 093797 |0,00640| 5 40 191,27 0,9255255/| 1,143882 | 0,058692 | 40
6 23,273 1,068 8 0,942 04 |0,00686| 6 41 201,46 0,9208817| 1,153479 | 0,062218 | 41
7 25,536 1,064 7 0,946 16 [0,00736| 7 42 212,19 0916188 | 1,16346 |0,0659484| 42
8 27,881 1,060 6 0,95033 |0,00788| 8 43 223,49 09114421 1,173 849 |0,0698958| 43
9 30,313 1,056 4 095456 |0,00845| 9 44 235,41 09066413 1,184 673 |0,0740738| 44
10 32836 10523 095285 1000904 10 45 24797 090178281 11950961 10073497 | 45
11 35456 1,048 2 0,963 20 |0,00968| 11 46 261,22 0,8968642| 1,207 743 {0,083 18}\1‘>‘ 46
12 38,178 1,044 2 0,967 62 [0,01035| 12 47 275,21 0,8918824| 1,220 052 0,083@ 1‘ 47
13 41,p08 1,0401 097212 |0,01106| 13 48 289,98 0,8868347| 1,232 926 R@’ZOl 5| |48
14 43,p53 1,036 0 097668 [0,01182| 14 49 305,59 0,8817183| 1,246 4&5\?%989 763| |49
15 47,p17 1,0319 098133 |0,01263| 15 50 322,09 0,876 5302 1,;6\0'5\2‘6{ 0,1048891| |50
16 50,09 1,027 8 0,986 06 |0,01348| 16 51 339,56 0,871267 4 M 342 10,1111635 51
17 53,636 1,023 7 099089 (0,01439| 17 52 358,05 0,865 92§Q\~i290 9 10,1178253| |52
18 57,004 1,0196 0,99580 |0,01535| 18 53 377,65 0,8@0%)4 1,307 258 |0,1249026| |53
19 60,622 1,0155 1,0008 [0,01637| 19 54 398,43 A)@\999 911,324 475 |0,1324261| |54
20 64,398 1,011 4 1,0059 |0,01745| 20 55 420,49 ‘\\ ,8494071]| 1,342 619 |0,1404298| |55
21 68,841 1,007 3 1,0112 |0,01860| 21 56 44§_,\éﬁ\v 0,8437239| 1,361 761 |0,1489507| |56
22 72,461 1,003 2 1,016 5 |0,01981| 22 57 ,@@&,é3 0,8379468| 1,381 985 [0,1580298 57
23 76,/66 0,999 09 1,0220 {0,02109| 23 58 1595,35 0,8320725| 1,403 378 [0,167 7125 |58
24 81,p68 0,994 95 1,0276 |0,02245| 24 a\ / 523,62 0,8260974| 1,426 041 {0,1780491| |59
25 85p77 0,990 79 1,0334 (0,02389| 25 x@O 553,77 0,8200182 1,450 084 [0,1890953| |60
26 90,p05 0,986 62 1,0393 |0,02541| 2 61 585,97 0,8138312| 1,47563 |0,2009134| |61
27 96,063 0,982 44 1,0454 0,027 ((2' \\2'7 62 620,42 0,807 533 | 1,502 816 [0,2135732| |62
28 101,47 0,978 23 1,051 6 O,Q{é 73| 28 63 657,32 0,8011197| 1,531 797 | 0,227153 63
29 107,13 0,974 00 1,0580 (B%O 53| 29 64 696,90 0,7945877| 1,562 748 [0,2417407| |64
30 113,06 0,969 75 1,0’6\4&) 0,03244| 30 65 739,44 0,7879333]| 1,595 866 |0,2574361| |65
31 119,28 0,965 48 6&7-?4 0,03445| 31 66 785,23 0,7811525| 1,631374 |0,2743523| |66
32 12%,80 0,961 17AC;)\17678 5 10,03658| 32 67 834,63 0,7742416| 1,669 528 {0,2926183| | 67
33 132,65 0,956<%) 1,0857 |0,03884| 33 68 888,02 0,7671966| 1,71062 [0,3123819| |68
34 139,83 0/9\&’%\8 1,0932 |0,04122| 34 69 945,85 0,7600137| 1,754 985 | 0,333 813 69
35 147,38 @\48 08 1,1009 |0,04374| 35 70 1008,67 0,75268 | 1,803 01 0,357 1 70
A
o)
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Table D.7 — Properties of saturated air - Water vapour mixtures at 82,00 kPa

°C Enthalpy Density Sp Vol HR °C °C Enthalpy Density Sp Vol HR °C
0 11,721 1,042 8 0,963 41 (0,004 69 0 — — — — — —
1 13,623 1,0388 0,967 49 [0,00504| 1 36 161,55 0,8985816| 1,167 222 |0,0488445| 36
2 15,585 1,034 8 097160 |0,00542| 2 37 170,29 0,8942577| 1,176196 |0,0518222| 37
3 17,612 1,0308 0,97576 |0,00582 3 38 179,48 0,8898928]| 1,185505 |0,0549724| 38
4 19,708 1,026 8 097997 [0,00625| 4 39 189,16 0,8854845| 1,1951 71 |0,0583054| 39
5 21,876 1,0229 098422 |0,00671| 5 40 199,35 0,8810306| 1,205 216 |0,0618324| 40
6 24121 10189 098852 1000720l & 41 21008 087652861 1215665 100655653| 41
7 26,447 1,014 9 0,99289 [0,00772 7 42 221,38 0,8719759| 1,226 544 &bﬁQ 5168| 42
8 28,859 1,011 0 0,997 31 [0,00827| 8 43 233,30 0,867 37 | 1,237 %@)0?0737007 43
9 31,362 1,007 1 1,0018 |0,00886| 9 44 245,88 0,8627083 1,2\@0‘6 0,07B1318| 44
10 33,961 1,003 1 1,0063 |0,00949| 10 45 259,15 0,857 988 24 ‘gz 052 | 0,042826 | 45
11 36,662 0,999 21 1,0110 |0,01015| 11 46 273,16 0,853,2\09\ 1,274 955 | 0,08 8008| 46
12 39,471 0,995 29 1,0156 |0,01086| 12 47 28796 O,W 8| 1,288453 [0,0980747| 47
13 42,393 0,991 37 1,0204 |0,01161| 13 48 303,61 &8\l§/450 1]1,302588 [0,09B6681| 48
14 45,435 0,987 45 1,0253 |0,01241| 14 49 320,16/, “6,838 4687 1,317 405 | 0,104 603 | 49
15 48,604 0,983 54 1,0302 |0,01326| 15 50 3}®\ 0,8334147| 1,332954 |0,11p9034| 50
16 51,907 0,9796 2 1,0353 |0,01416| 16 51 ‘\X%,M 0,8282852| 1,349 288 | 0,11y 5956| 51
17 55,351 0,975 70 1,0404 |0,01511| 17 52 '\\)§75,91 0,8230773| 1,366 467 |0,12t7082| 52
18 58,945 097177 1,0456 |0,01612| 18 QQ 396,79 0,8177876| 1,384 556 | 0,13 2725 53
19 62,697 0,967 84 1,0510 |0,01719| 19. \\ 5'4 418,95 0,8124132| 1,403 624 | 0,140 323 54
20 66,616 0,96391 1,0565 |0,01833 &gj 55 442,50 0,8069507| 1,423 752 |0,1488977| 55
21 70,711 0,959 96 1,062 1 0,0195'7({) 21 56 467,56 0,801397 | 1,445 024 |0,15B0383| 56
22 74,992 0,956 00 1,067 8 Q,Q},b'ﬁl 22 57 494,25 0,7957488| 1,467 538 | 0,16 7913 57
23 79,469 0,952 04 1,073 7 C > ‘22 16| 23 58 522,70 0,7900025| 1,491398 | 0,178208 | 58
24 84,153 0,948 05 1,0%{’% 0,02359| 24 59 553,07 0,7841549| 1,516 723 |0,18p3456| 59
25 89,056 0,944 06 (Pﬁ% 8 10,02510| 25 60 585,53 0,7782024| 1,543 645 |0,20[L2678| 60
26 94,190 0,940 04 \.)1‘T092 2 10,02670| 26 61 620,26 0,7721415| 1,572 311 | 0,214 0463| 61
27 99,569 0,93@&\-) 1,0987 10,02840| 27 62 657,49 0,7659686| 1,602 887 |0,22) 7612 62
28 105,21 0 46 1,1054 [0,03019| 28 63 697,45 0,759 68 | 1,635561 [0,24P5031| 63
29 111,12 7&))27 89 1,1123 (0,03209| 29 64 740,43 0,7532721| 1,670 545 |0,25B3746| 64
30 117,3)..\?~ 0,923 79 1,1194 |0,03410| 30 65 786,72 0,7467411| 1,708 078 |0,27p 4921 65
31 12 0,919 66 1,126 7 |0,03623| 31 66 836,68 0,7400832| 1,748 437 |0,29B9886| 66
32 ,Q\ZJ%AL 091551 1,1343 |0,03847| 32 67 890,73 0,7332945| 1,791 936 |0,3140168| 67
33 137,80 0,911 33 1,1421 [0,04085| 33 68 949,34 0,7263712] 1,838939 |0,33p7525| 68
34 145,33 0,907 12 1,1502 |0,04337| 34 69 1013,03 [0,7193094| 1,889867 | 0,359399 | 69
35 153,24 0,902 87 1,1586 |0,04603| 35 70 1082,46 0,712 1 194521 | 0,38519 70
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Annex E

(informative)

Values of crossflow correction factor

This procedure is applicable to extended thermal performance test evaluations (see 9.4).

For coufiterfiow devices, y=1

— For crosgsflow devices, the value of y is given by Table E.1 as a function of two coefficients u and v
calculatled from the initial condition and final condition of the two fluids.
Table E.1 — Correction factor y for wet crossflow cooling towers
v 1

0,500 0,550 0,600 0,650 0,700 0,750 0,800 0,850 0,900 0,950
0,2 ,000 1,000 1,000 1,000 1,000 1,000 0,970 0,930 0,875 0,150
0,3 0,990 0,985 0,985 0,975 0,955 0,930 0,895 0,855 0,790 0,650
0,4 (i),968 0,966 0,952 0,940 0,917 0,875 0,840 0,786 0,720 0,%90
0,5 4),942 0,937 0,919 0,890 0,55 0,820 0,776 0,729 0,665 0,340
0,6 4),915 0,900 0,878 0,855 0,825 0,780 0,732 0,680 0,620 0,%00
0,7 4),875 0,860 0,834 0,805 0,775 0,735 0,691 0,636 0,580 0,470
0,8 ¢,838 0,816 0,790 0,764 0,728 0,690 0,655 0,600 0,550 0,440
0,9 (i),795 0,773 0,748 0,726 0,690 0,655 0,621 0,569 0,520 0,420
1,0 ¢,750 0,733 0,712 0,688 0,658 0,625 0,591 0,541 0,490 0,390
1,2 (tl,682 0,663 0,645 0,624 0,595 0,570 0,536 0,493 0,450 0,360
1,4 4),620 0,610 0,590 0,568 0,540 0,510 0,489 0,451 0,420 0,330
1,6 4),555 0,544 0,535 0,519 0,496 0,473 0,450 0,418 0,380 0,300
1,8 (i),505 0,500 0,490 0,480 0,465 0,440 0,420 0,385 0,360 0,285
2,0 (i),450 0,445 0,440 0,436 0,425 0,410 0,390 0,360 0,334 0,270
2,5 4),380 0,375 0,370 0,360 0,355 0,345 0,330 0,310 0,174 0,230
3,0 4),325 0,820 0,315 0,310 0,305 0,300 0,290 0,270 0,260 0,210
4,0 4),245 0,245 0,245 0,245 0,245 0,235 0,230 0,220 0,210 0,175
5,0 4),196 0,196 0,196 0,194 0,194 0,194 0191 0,182 0,175 0,150

hy, — h
u:gandv=
hgy - hq hy = hq

hgy — hgy

where

hy is the enthalpy of hot air;
hi is the enthalpy of cold air;

hs1 is the enthalpy of air at hot water temperature;

hs2 is the enthalpy of air at cold water temperature.

NOTE 2 The air is assumed to be saturated.

L
NOTE 1 The table gives u as a function of y and v. The values of the parameters pand v are respectively:

84
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Table E.1 (continued)

ISO 16345:2014(E)

v H
0,500 0,550 0,600 0,650 0,700 0,750 0,800 0,850 0,900 0,950
7,0 0,145 0,145 0,145 0,145 0,145 0,145 0,140 0,135 0,130 0,120
10,0 0,100 0,100 0,100 0,100 0,100 0,100 0,100 0,100 0,100 0,090
NOTE 1 The table gives u as a function of y and v. The values of the parameters p and v are respectively:
PP Tt BN Bl
hs1 — M hy — M
wherg
hy| is the enthalpy of hot air;
hq| is the enthalpy of cold air;
hg|l is the enthalpy of air at hot water temperature;
hsp is the enthalpy of air at cold water temperature.
NOTH 2 The air is assumed to be saturated.
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Annex F
(informative)

Example evaluation of an open-circuit, mechanical draft cooling

tower test using the performance curve method

F.1 Gendral

Annex F is gjven to describe and illustrate the performance curve methodology for evaluatihga thegrmal
performancp test on an open-circuit, mechanical draft cooling tower, as described in"9.3.3 of this

International Standard.

F.2 Desijgn and test values

The design and measured testvalues for the open-circuit, mechanical draftcdoling tower are summa

in Table F.1.

Table F.1 — Cooling tower design and design measured

Parameter Values Test values

Water flow rate (Qw) 3583\L/s 3623L/s
Hot water temp. (Thw) 4940 °C 46,50 °C
Cold water temp. (Tcw) 30,60 °C 29,04 °C
Cooling range (R) 18,80 °C 17,46 °C
Inlet wet-bulb temp. (Twp) 26,00 °C 24,53 °C
Inlet dry-bulb temp. (Tqp) 30,20 °C 25,52 °C
Fan driver power (W) 107,00 kW 113,00k
Barometric pressure(Ppp) 101,325 kPa w
Liquid to gas ratio\(L/G) 1,300 98,80 kPa

rized

In accordance with 5.32,vthe manufacturer has submitted performance curves with cold water
presented a$ a function'efwet-bulb temperature range and water flow rate as parameters (see Figurje F.1,

Figure F.2, dnd FigureF.3).

F.3 Evaluafion by flow rate capability

F.3.1 Evaluation test steps

The steps to be followed in evaluating the test in terms of flow rate capability are as follows.

F3.1.1 Step 1: Determine the predicted cold water temperatures

Subscribe the submitted performance curves vertically at the test wet-bulb temperature (24,53 °C) to
determine the predicted cold water temperatures associated with the test wet bulb at each of the three

range and three flow rate conditions included on the performance curves.

Values of these predicted cold water temperatures are tabulated in Table F.2.

86
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Table F.2 — Curve points for cold-water temperature versus range at 24,53 °C test wet bulb

F3.1

Crea

Range 90 % flow | 100 % flow | 110 % flow
17,0°C 28,64 29,43 30,24
18,8°C 28,86 29,65 30,50
21,0°C 29,09 29,88 30,76

.2 Step 2: First crossplot

te the first crossplot by plotting these values of cold water temperature as a function of range using

flow

Then
temp
aret

rate as a parameter (see Figure F.4).

, scribe Figure F.4 vertically at the test range (17,46 °C) to determine the predicted
eraturesateach ofthethreecirculating flowrates.Values ofthese predicted coldwater te

hbulated in Table F.3 below.
Table F.3 — Curve points for cold water temperature versus flow at24,53 °C test we
17,46 °C test range
90 % flow 100 % flow 110 % flow
28,69 29,49 30,31

F3.1

Usin
rate,

F3.1

On K
the i
asso

F3.1

The
inlet

To ¢

3 Step 3: Second crossplot

expressed as a percentage (see Figure E.5).

L4 Step 4: Determination of predicted flow rate

igure E.5, scribe a line at the corrected test cold water temperature to intersect tl
htersection, project a line vertically downward to find the predicted circulating wat]
riated with the test wet bulbsrange, and cold water temperature.

prred = 94‘,39 % design flOW = 3 382 L/S

L5 Step 5: Calculatethe adjusted test water flow rate

hdjusted test flow rate is computed from Formula (23), using the values for air densi
and the fan dfiver output power, at both test and design conditions.

mply with this International Standard, the design and test values for the density

volume (v)yand enthalpy (h) of air are to be determined using the psychrometric tables in

this

| cold water
mperatures

t bulb and

b the values of cold water temperature in Table*:.3, plot the temperature as a function of the flow

ne curve. At
er flow rate

'y at the fan

(p), specific
Annex D of

nternational Standard or computed using the program listing on which Annex D is ba

nla +h PROY far ooy AL A Ao T yaza o 1o £a0 o1l vy

sed. For this

exarn

A o b g e o o CTAY adta ganang raosand el o e s A
lJl\/’ CIIcC bUlllt}blLLzl lJl Usl AIIT UL TAIIIICA 17 'VVvdo UosTLUu LU 5&411\41 dll dIirl PQ] CIIT UITIC LTI IC tll U}]\/l

1€s.

Since the evaluation is based upon the psychrometric properties of air at the fan inlet, different
procedures shall be employed for forced draft and included draft towers.

F.3.2 Forced draft tower

For a forced draft tower, the fan inlet-air conditions are the same as the tower inlet-air conditions.
Therefore the test density (p¢) and the test specific volume (v¢) are computed directly from the measured
test values of wet-bulb, dry-bulb, and barometric pressure. The design conditions at the tower’s air inlet
have been supplied by the manufacturer, in accordance with 5.3 or derived according to Annex D.

© ISO

2014 - All rights reserved
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Parameter Design Test values

Barometric pressure (P) 101,325 kPa 98,80 kPa
Ent. wet-bulb temp. (Twp) 26,00 °C 24,53 °C
Ent. dry-bulb temp. (Tqp) 30,20 °C 25,52 °C
Humidity ratio (HR) 0,019 66 kg/kg 0,019 69 kg/kg
Specific volume (n) 0,886 56 m3/kg 0,895 23 m3/kg
Enthalpy (h) 80,630 7 k]/kg 75,821 1 k]/kg
Density (1) 1,501 3 kg/m3 1,139 02 kg/m3
Relative humidity (RH) 71,98 % 92,36 %

F3.3 Indpced draft tower

F3.3.1 Fof the induced draft, the fan air conditions are the tower discharge conditions. The disch

air propertig
lation as des

F3.3.2 Th
tower equal

L(cp )

Rearranging

hyo=(1

For the des

enthalpy. For the example, one calculates.it by

hp 2 =01

F3.3.3 As
given in Ann

Tfan,

Pfan,

:2014(E)

Table F.4 — Design and test values for air characteristics

s are determined, for both the design and test conditions, by an itefative heat balance g
cribed below.

e heat balance formula states that the heat gain of the air,as.it moves through the cooliy
5 the heat loss of the water such that

Tyw —Tew)=G(hp 2 —ha1)

b terms to isolate for the exit air enthalpy, this formula becomes

/G)(€pw ) (Tuw —Tew)+hp
ign conditions, all values are-given by the cooling tower manufacturer, except thd

3) (4,186) (49,40 —30,60)% 80,6307 =182,936 k]/kg

suming the discharge air at this enthalpy is saturated, determine from thermodynamicy
ex D.

= 41,85°C
1 =1,086 34 kg/m3

hrge
alcu-

8

(F1)

(F.2)

exit

Vfan,

4=0,970 84 m3/kg

Next we need to calculate the discharge air characteristics at test conditions. First calculate the test L/G

by substitut

g

’

ing all known values into Formula (31).
1/3 1/3
0 3623 Pt 107,0 Vi :1‘2934’(Pt)1/3vt
3583 1,086 34 113,0 0,970 84

Substitute this L/G expression into heat balance Formula (F.2).

hA,Z =1,2934 (p¢)

88

1/3 (v,) 4,186 (46,5-29,04)+75,821 1

(F.3)
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ha2=941250 (o) 3(v)+75,821 1

At this point, guess at a discharge air temperature and, assuming saturation, determine p and v at that
temperature. Then, substituting these values into the final heat balance formula, calculate an hexit.

Compare this calculated value for hexjr to the actual value for enthalpy at the assumed temperature
and continue iterating discharge air temperature until a suitable temperature is selected for which the
calculated value of hexit matches the actual value.

For the first estimate of leaving air temperature, use the average of Tyw and Tcw at test conditions.

Typi

F.3.4

Subs
calcu

Ve

For t

Ve

fal iteration values for this example are given in Table F.5 for barometric pressure ofi9

Table F.5 — Iteration on enthalpy of leaving air

Text Pt Vi hexit actual | hexit computed Error %
38,00 1,07797 | 0,969 38 153,79 169,78 +10,40 %
40,00 1,06791 | 0,983 69 170,16 170,87 +0,416 %
41,00 1,06281 | 0,991 22 178,97 171,44 -4,20 %
40,09 1,067 45 | 0,984 36 170,94 170,92 -0,009 %

Calculate the tower capability

fituting the psychrometric values at 40,09 °C int@, Formula (23), the adjusted flow

lated using Formula (F.4).
1
_ 107,0 1/3 1,067 45 / _38371L/s
Wadj 113,0 1,08634
he forced draft example here above, the adjusted flow rate is

1/3 1/3
107,0 1)139 02
. =3623 D702 35461 s
Weqdj [11&0) (L15013j /

B,80 kPa.

rate is now

(F4)

(F.5)

The pext steps are the same for forced and induced draft. Let’s continue with the example of an induced

draft.

The

fapability'is then computed by Formula (24).
3537

‘CAP :100 |Vﬂ nnﬂ—|:104‘,6 %

33827

(F.6)

The tower compliance is then determined from Formula (26) and assuming in this example that the
tolerance ITgm has been contractually set to 0:

© ISO

Ccap + ITEM is greater than 100 %: the thermal guarantee is achieved.
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F.4 Evaluation by approach deviation

F4.1 To evaluate the tower performance in terms of leaving cold water temperature, follow
the same steps as above to determine the adjusted flow rate (Formula (23)).

Enter Figure F.6 at the adjusted test flow rate (3 537 L/s) and scribe a line vertically upward to intersect
the curve. At the point of intersection, read the corresponding predicted leaving cold water temperature
as 29,39 °C.

Compare the corrected cold water temperature to the predicted cold water temperature according to
Formula (48).

ATApp = (TCW, corr — TCW, pred) = 29,04‘ - 29,39 OC = O OC)

Assuming that no tolerance were agreed (ITgmp = 0), the compliance condition in Formula(61)

ATapp —|ITEMP = - 0,35<0

is verified: the guaranteed conditions have been achieved.

F.4.2 To gvaluate the tower performance in terms of leaving cold water temperature, follow
the same sfeps as above to determine the adjusted test flow rate(Eormula (23)).

Enter Figurg F.6 at the adjusted test flow rate (3 466 L/s) and scribéa line vertically upward to intefsect
the curve. At the point of intersection, read the corresponding predicted leaving cold water temperature
as 29,18 °C.

Compare the predicted cold water temperature to thetieasured test value of cold water temperature
such that, using Formula (28),

ATew = (Tcw:pred) - (Tcw, t)
ATew = (29,18) - (29,04) = +0,14

and since Atjyy = +0,14 - 0, the guaranteed condition has been achieved.

TableF.6 — Iteration for enthalpy of leaving air

Ta Pt Vi he,t actual | hot computed Error %
38,00 1,077 97 0,969 38 153,79 176,34 +14,66 %
40,00 1,067 91 0,983 69 170,16 177,50 +4,32 %
41,00 1,068 21 0,991 22 178,97 178,12 -0,47 %
40,90 1,06332 0,990 46 178,07 178,06 +0,0T %

90 © ISO 2014 - All rights reserved
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14

Cold Water Temperature (°C)
\

15
Wet Bulb Temperature (°C)

20 25

30

Cooling range shown in figure box.

Design Conditions:

Water flowrate: 3 583 L/s

Cooling range: 18,9 °C

Cold water: 30,6 °C

Wet bulb = 26,0 °C

Dry bulb = 30,2 °C X

[0.4)
Barometric pressure = 10\1, kPa°

N
N
xO

Key
29,09 °C at 21,0 range
28,86 °C at 18,8 range
28,64 °C at 17,0 range

>

.

Figure F.1 — Cooling rar@ water flow rate = 3 225 L/s (90 %) at test wet bulb 3%

4,54 °C
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1 29,88°Cjat 21,0 range o)
2 29,65°Clat 18,8 range \j;\'
3 29,43°Clat 17,0 range Q‘\\O
Figure K.2 — Cooling range at w&low rate = 3 583 L/s (100 %) at test wet bulb 24,54 qC
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Cold water: 30,6 °C

Wet bulb = 26,0 °C

Dry bulb = 30,2 °C

o

Barometric pressure = 101,325 kPa

Test Wet Bulb = 24,53 °C Cold water temperatures

29,88 at 21,0 range

29,65 at 18,8 range

29,43 at 17,0 range

Key
30,76 °C at 21,0 range
30,50 °C at 18,8 range
30,24 °Cat 17,0 range

32

Figure F.3 — Cooling range for water flow rate = 3 942 L/s (110 %)-at test wet bulb
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Figure F.4 — Crossplot 1, wet bulb = 24,53 °C at test wet bulb 24,54 °C
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Annex G
(informative)

Example evaluation of an open-circuit, mechanical draft cooling
tower test using the characteristic curve method

G.1 | General
The purpose of Annex G is to describe and illustrate the characteristic curve methodalogy qf evaluating
a th¢rmal performance test on a mechanical draft cooling tower, as described”in Clause 9 of this
Intennational Standard.

G.2 | Design and test values

Design and measured test values for the mechanical draft cooling tower are summarized in the following
table.

Table G.1 — Mechanical draft cooling tower, design and measured test values

Parameter Design.values Measure test values

Water flow rate (Qwt) 220 L/s 209 L/s

Hot water temp. (Thw) 36 °C 33,4°C

Cold water temp. (Tcw) 30°C 27,1°C
Entering wet-bulb temp. (Twb) 25°C 21,1°C
Entering dry-bulb temp. (Tgp) 31°C 30,6 °C

Total fan driver ower (W) 60 kW 57,6 kW
Barometric pressure/(Ppp) 101,325 kPa 101,325 kPa
Liquid to gasratio (L/G) 1,700 —

In acordance with 5(3:6 of this International Standard, the manufacturer has submitted characteristic
curve shown in Figure G.1.

G.3 | Evaluation procedure

G.3.1%Step 1: Determine the test L/G

The test value of L/G is computed using the test values of hot water temperature, cold water temperature,
entering dry-bulb and wet-bulb temperatures, barometric pressure, test flow, and test total fan driver
power.

To comply with this International Standard, the design and test values for density (p), specific volume
(v), and enthalpy (h) of air shall be determined using the psychrometric tables or source codes set
forth in Annex D. For this example, the source code of Annex D was used to generate all psychrometric
properties.

Since the evaluation is based upon the psychrometric properties of air at the fan inlet, different
procedures shall be employed to compute the L/G for forced draft and induced draft towers.
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G.3.2 Forced draft tower

For a forced draft tower, the fan inlet-air conditions are the same as the tower inlet-air conditions.
Therefore the test density (p¢) and the test specific volume (v¢) are computed directly from the measured
test wet-bulb temperature, dry-bulb temperature, and barometric pressure. The design conditions at
the tower’s air inlet shall be supplied by the manufacturer per 5.3.

Given the design and measured test values for wet-bulb and dry-bulb temperatures and the barometric
pressure, determine the density and specific volume of the inlet air.

At design values of 25 °C wet-bulb, 31 °C dry-bulb, 101,325 kPa barometric pressure:

Pt =

At test valusg
pt=
Vi =
h=4

Using these

O%

Q| =
[

Q=

G.3.3 Ind

For the indy

1,1485 kg/m3
,883 09 m3/kg
6,274 k]/Kg

s of 21,1 °C wet-bulb, 30,6 °C dry-bulb, 101,325 kPa barometric pressure:

1,153 9 kg/m3
,876 94 m3/kg
1,102 kJ/Kg

data, calculate the test L/G from Formula (31) substituting r values
1/3 1/3
( L ] Qwt | Wemd PAL VAL
GJa | Qwd |\ WrMt PAd VAG
(1 70) @ 60,0 1/3 1,153 9 /3 0,876 94
' 220 57,6 1,148 5 0,886 09

1,623

iced drafttower

calculation.

ced draft tower, the conditions at the inlet to the fan are the tower’s discharge condit
The code requires'that both the design and test discharge air properties be determined by a heatba
%alculating design discharge air properties is a straightforward procedure while calcul

ions.
ance

hting

test discharge air properties requires combining the heat balance Formula (G.1) with Formula (31) and
iterating for a solution.
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The heat balance Formula (G.1) below simply states that the heat gain of the air equals the heat loss of
the water.

L (cpw) (THw —Tcw)=G (hp2—-ha1)

Rear

ranging to separate the exit air enthalpy, the heat balance Formula (G.1) becomes

hA,Z :(L/G) (Cp_w) (THW _TCW)+ hA,l

For t
is to

Assul

Anngx D.

Next|
subs

Subs

Fron

At thlis point, guess at a discharge air temperature and, assuming saturation, determine p

temp

a2 =(17) (4186) (36-30)+76,274=118,971 kj/kg

G.1)

€ design conditions, all values are given by the cooling tower manufacturer; the inlet
be calculated from Annex D. For the example, one calculates the exit air enthalpy by Fg

Iming the discharge air at this enthalpy is saturated, determine from thermodynani

Tfand = 33,35 °C
Pfan,d = 1,086 34 kg/m3
Vfan,d = 0,970 8 m3/kg

calculate the discharge air characteristics at tést conditions. First calculate the
Fituting all known values into Formula (31).

1/3 1/3 2,
Llorz00( 2000 A 000 % 17183 (p) %%
G 220 || 1,129 5 57,6 )| 091488

fitute this L/G expression into heat balance Formula (G.2).

) Annex D, calculate enthalpy at inlet for test conditions = 61,102 k]/kg

42=17183 (p)/3(1,) 4,86 (33.4-27,1)+61,102

42 =453147(p )P (v,)+61,102

hir enthalpy
rmula (G.2).

(G.2)

ics given in

test L/G by

(G.3)

(G.4)

ind v at that

etature. Then, substituting these values into final heat balance Formula (G.4), calculat

e an Neyit.

Compare this calculated value for hexjr to the actual value for enthalpy at the assumed temperature
and continue iterating discharge air temperature until a suitable temperature is selected for which the
calculated value of hexit matches the actual value.

For the first estimate of leaving air temperature, use the average of Tyw and Tcw at test conditions.
Typical iteration values for this example are given in Table G.2 for barometric pressure of 101,325 kPa.

© ISO
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Table G.2 — Iteration on enthalpy of leaving air

Texit Pt Vi h exit actual | h exjt computed Error %
30,00 1,145 9 0,896 56 100,005 103,616 +3,60 %
31,00 1,141 0 0,901 85 105,638 103,806 -1,48 %
30,70 1,142 5 0,900 25 103,733 103,749 +0,015 %

Aleaving air temperature of 30,7 °C is sufficiently accurate. Now determine the test L/G by substituting
the psychrometric values for saturated air at 30,7 °C into Formula (G.3) and solve

(L)= (1}7183) (1,1428)"/° (0,9002)=1,617

G.3.4 Step 2: Calculate KaV/L at the testL/G

Once the te$t L/G is determined, the procedure for calculating KaV/L is identical\for forced draff and
induced draft towers. The KaV/L calculation is computed using the saturated-enthalpy values aft the
wet-bulb temperatures. Continuing with the induced draft example, the valie KaV/L is computed ih the
following manner according 9.3.4.3.

For Tyw = 3B,4 and Tcw = 27,1, the enthalpy of the exit air is calculated by
hA,Z = hA,l + [L/G] *(Cp,W) *(THW —Tcw) = 61,395+ 4,186 X 6,3« 104,038

vk * * _
At a given stlep (x) of the heat exchange, the air enthalpys hq =x*(L/G)*(epw)* (Thw TCW).

_ * _
The water t¢mperature is Tw =Tew +x*(Tuw ~Tcw) .

Water tem- Air
Air enthalpy enthalpyat| Ah=
X perature Tw 1/Ah
ha hW - ha
Tw h
w
Inifial 0 61,102 271
At 10 % 0A 65,659 27,73 88,690 23,031 0,0434
At 40 % 0,4 78,452 29,62 90,030 19,578 0,0510B
At 60 % 0,6 86,981 30,88 104,711 17,731 0,0564 P
At 90 % 09 99,774 32,77 115,479 15,795 0,0636[
1
Final 1,0 104,038 334 > —=0,21§457
Ah

KaV /L= (cpw)(THW;TCW} (ZAthz (4,186{6;3 ) (0,214 57)=1,415

G.3.5 Step 3: Determine the intersect (L/G)¢

At the (L/G)t calculated from G.3.1 Step 1 and the KaV/L calculated from G.3.4 Step 2, plot the test
performance point on the manufacturer’s characteristic curve, as shown in Figure G.2. A curve is drawn
through this point parallel to the tower characteristic curve. This parallel curve intersects the 5 °C
design approach curve at (L/G)p = 1,72. This is the predicted L/G, which is the L/G that the tower would
produce if operating at design conditions.
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G.3.6 Step 4: Calculate the tower capability

As set forth in 9.3.4.4, the tower capability, C, is the ratio of the predicted L/G to the design L/G.

¢ =100{(L/G)1 / (L/G)a}
€=100 (1,72 /1,70) = 101,2 %

Based on the test performed, the tower is capable of cooling 223 L/s from 36 °C to 30 °C at design wet-

bulb

temperature 25 °C and design total fan driver power of 60 kW.

If additional valid test periods were to be averaged, say for additional test periods with capability of

100,% and 101,9, the average is calculated per Formula (G.X) below.

G.3.7 Step 5: Compliance

Assujming that no tolerance was in the contract, Tcap = 0, theccompliance criteria is per For

Thergfore, the tower has achieved the guaranteed,condition.

Usin

watelr temperature on the original manufacturer’s curve. Compare the predicted cold water

with

For rultiple test periods, the-average can be calculated per 9.3.3.1.5.

_ n
AA:(l)Z A4,

Comj

© ISO

Z:_Cl +C2+C3...Cn

¢ =(101,2+100,5+101,9)/3=101,2

NAcw= [Tcw, t) - (TCW, pred)

n

C+ Tcap 2100 %
101,2 + 0 =2 100 %

b the same final plot as in G.3.5 Step 3xkenter at the adjusted test L/G, and read the pr

the measured cold water temperature such that the approach deviation equals:

n Ji=1

bliancesha$s been achieved if

mula (26).

edicted cold
emperature

A= Tremp < 0

2014 - All rights reserved
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Annex H
(normative)

Example evaluation of a natural draft cooling tower test using the
performance curve method

H.1 Gene€

The purposq
a thermal p
Standard.

ral

H.2 Design and measured test values

The design 4

In accordan
curves presg
humidity of

Figure |

 of Annex H is to describe and illustrate the performance curve methodology forlevalu
erformance test on a natural draft cooling tower, as described in 9.3.5 of this‘Internat]

ind measured test valves for a natural draft cooling tower are summarized in Table H.

Table H.1 — Cooling tower design and measuredtest values

Parameter Design values Measure test values

Water flow rate (Qwt) 23,889 L/s 22,299 L/s

Hot water temp. (Thw) 32,80 °C 27,80 °C

Cold water temp. (Tcw) 25,40,°C 20,50°C
Cooling range (R) 7,40 °C 7,30°C
Entering wet-bulb temp. (Twb) 16,00 °C 9,5°C
Entering dry-bulb temp. (Tdb) 18,20 °C 13,40 °C

Total fan driver power (Wt) 60 kW 57,6 kW
Barometric pressure (Pbp) 101,325 kPa 101,70 kPa
Relative humidity (RH) 80,17 % 60,42

Figure I

ce with 5.3.4 of-this International Standard, the manufacturer has submitted performnj
enting cold water temperature as a function of the air dry-bulb temperature with the rel
the air as.a\parameter (see Figures H.1 through Figure H.9).

1.1 toligure H.3 for 90 % of design water circulation rate

140 Figure H.6 for 100 % of design water circulation rate

ating
ional

=

ance
ative

Figure H.7 to Figure H.9 for 110 % of design water circulation rate

H.3 Evaluation by flow rate capability

The steps to be followed in evaluating the test in terms of flow rate capability are as follows.

H.3.1 Step 1: First crossplot

Using the nine performance curves, three for each of the three water circulation rates, enter the curves
at the test dry-bulb temperature (13,40 °C) and determine the cold water temperature for 60 %, 80 %,
and 100 % relative humidity at each flow rate and range.

102
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Table H.2 — Curve points for cold water temperature versus range and relative humidity at

Then
hum

H.3.

Usin
temp]

Tal

Then
Figu

H.3.

13,40 °C test dry bulb
RH 920 % 100 % 110 %
Range

% flow flow flow

60 20,24 21,11 21,94

70 20,69 21,53 22,38
6,70

80 21,10 21,94 22,78

100 21,95 22,78 23,63

60 20,46 21,38 22,17

70 20,90 21,79 22,60
7,40

80 21,31 22,20 23,02

100 22,16 23,03 23,86

60 20,59 20,59 22,41

70 21,01 21,98 22,83
8,10

80 21,44 21,44 23,24

100 22,30 22,30 24,06

D

e H.13).

2 Step 2: Second crossplot

60,42 % test relative humidity

Range 90 % flow | 100 % flow | 110 % flow
6,7 °C 20,26 21,13 21,95
7,4 °C 20,48 21,39 22,19
8,1°C 20,61 21,58 22,43

B _Stép 3: Third crossplot

for each flow and range, prepare a crossplot of cold watertemperature as a function of
dity, with the cooling range as a parameter (see Figure'H.10 through Figure H.12).

le H.3 — Curve points for cold water temperature versus flow at 13,40 °C test dr

, develop arsécond crossplot of the cold water temperature as a function of the coolin

the relative

b these new curves, enter each at the test relative humidity (60,42 %) and determine the cold water
erature for each flow rate and range.

y bulb and

g range (see

Enter Figure H.13 at the testrange (7,30 °CJ and determine the cold water temperature for each of the

three flow rates, as listed in Table H.4.

Table H.4 — Curve points for cold water temperature versus water flow at 13,40 °C test dry bulb
and 60,42 % RH and 7,30 °C test range

90 % flow

100 % flow

110 % flow

20,45

21,36

22,16

Then crossplot the water flow rate as a function of the cold water temperature (see Figure H.14).
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H.3.4 Step 4: Determination of predicted flow rate

Enter Figure H.14 at the measured cold water temperature (20,50 °C) and from the intersection with the

curve, deter

mine the predicted water flow rate at the test cold water temperature as 21 639 L/s.

H.3.5 Step 5: Determination of cooling tower capability

Using Formula (32), find the cooling tower thermal performance capability as

Q .
¢ =100 “Whadi _ 150 (22299L/s ) _ 10570,
ared 21639L/s
NOTE The above graphical interpolation can be done mathematically.

H.4 Evaluation by cold water temperature

To evaluate
above to dey

Then, enter
to intersect
temperatursg

Compare th
such that:

TC w
Tew

and since Af]

H.5 Aver

For multiplg

H.6 Aver

For multiplg

the tower performance in terms of leaving cold water temperature follow the same ste|
relop the third crossplot (Figure H.15).

Figure H.15 at the measured test flow rate (22 299 L/s) and¢scribe a line vertically up
the curve. At the point of intersection, read the corresponding predicted leaving cold y
P as 20,75 °C.

e predicted cold water temperature to the measured ‘test value for cold water tempery

i (Tcw, t) - (Tcw, pred)
= (20,50) - (20,75) = -0,25

.w < 0, guaranteed condition has been achieved.

hge capability

points, see Formula (38)-

hge cold water

points, see-Formula (41).

ps as

Wward
vater

hiture
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>

X
Y

—
30

Design conﬁ@ions
\o\ -

Water flow rate N 23889 L/s
Cooling range A‘\Q 7,4 °C
Cold water \O 25,4 °C
Wet bulb O 16,0°C
Dry bulb OY 18,2°C
Relative humidity .\ 80,17 %
Barometric presp@‘ 101,325 kPa
N
Key O )
21,95 °C (cold wat@bmperature)
21,10 °C (cold r temperature)
20,24 °C (% ater temperature)
Fig uclj\h — Water flow rate = 21 500 L/s (90 %) and range = 6,7 °C at test dry bulh = 13,4 °C
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Annex I
(normative)

Example evaluation of a natural draft cooling tower using the
extended test method

I.1 | General

Anngx I describes and illustrates the extended test methodology for evaluating a thermal gerformance
on am open-circuit natural draft cooling tower as described in 9.4 of this Internatignal Stanfdard.

1.2 | Design and test condition for a single valid test period

Design conditions for the natural draft cooling tower evaluated are summarized in Table 1.].

Table I.1 — Natural draft cooling tower design and test data

Parameter Design value Test value
Water flow rate (Qwt) 48350 L/s 48350 L/s
Hot water temperature (Thw) 35,15°C 36,08 °C
Cold water temperature (T¢w) 21,65 °C 22,75 °C
Inlet wet-bulb temperature (Typ) 10°C 11°C
Inlet dry-bulb temperature (Tgqp) 11°C 12,44 °C
Wind velocity (Vi) 4m/s 0,1 m/s
Barometric pressure (Pyp) 100,400 kPa 101,580 kPa

I.3 | Test period approach in a single valid test period

1.3.1 All the following methodology is performed on a single valid test period accoyding to the
rules described jrfthe 8.1 of this International Standard.

I.3.4 The following coefficients are supplied by the manufacturer at the time of suhmitting
the gffer (se€ 5.3.8).

Operating formula (thermal performance)
L pred G (1_1)

C and IT are given by the manufacturer. L and G are evaluated by calculation using design and test data.
In this case, the following values shall be used:

a) C=2,609126
b) M=-0,705 710

c) L:evaluated by calculation using Qwt and py at the Thywa
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d) G: evaluated by calculation (see step 2)

(KaV )
L) can be evaluated in test condition using Formula (I.2).

T

(KaV ] ~ 1 hw g7
= | =Cpw~— _ar
L ) Y Tew IM—hA (1.2)
Simpson’sryleisusedto numerically evaluate the integralexpression (see 9.4.2.3 for further explanalions
of this methpd). In our case, y is equal to 1.
PA,2, pred is given by the draft formula:
1Cr 2
pA,Z,prea =Pan (1 _E 1;_1 VA)
9e (1.3)
where h and the expression of Cy are given by the manufacturer at the timeof submitting the offer
In this exaniple, H is equal to 164,62 m and the Cf expression is:
Cr=|Cro x Cy
with Cro = 499,783 2 - 793,006 8V + 538,529 8Vx2 - 165,889-133 - 19,280 7514
and
V V 2 V 3 % ¥
C,=1+0,03461695-10 0,045 160 10| 10 | +0;05912316| -0 | —0,0185534 1| -10
Va Va Va Va
V > % e
+0,002 282291 | - 10 | —0,000099'724 23 | ~10
Va Va
where Vg i4 the wind velocity’at 10 m height.
PA,2,t is proyided by thetest conditions using the value of the hot air temperature given by the hot air
enthalpy value.
The hot air ¢nthalpy is calculated by using Formula (1.4).
L
ha2=hp1+Cpw—(Thw —Tew)
G (1.4)

where hp 7 is the hotair enthalpy at saturated conditions, thatis, according to the simplifying assumption

described in

ha,1and the

120

the paragraph 9.4.2.2.

cooling range (Thw - Tew) are provided by test conditions.
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