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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The following
information is based on that document and is included here for emphasis and for the convenience of the user of the Code. It
lying this

tent with
the best engineering knowledge and practice currently available. They were developed by balanced-committeps repre-
sentjng all concerned interests and specify procedures, instrumentation, equipment-operating requirements, cdlculation
methods, and uncertainty analysis.
en tests are run in accordance with a Code, the test results themselves, without adjustmentfor uncertaintyyield the
bestlavailable indication of the actual performance of the tested equipment. ASME Performarnce Test Codes do n¢t specify
meahs to compare those results to contractual guarantees. Therefore, it is recommendedthat the parties to a cojnmercial
test pgree before starting the test and preferably before signing the contract on the method to be used for comppring the
test fesults to the contractual guarantees. It is beyond the scope of any Code to determine or interpret how such|compar-
isonf shall be made.

vii
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FOREWORD

The “Rules for Conducting Tests of Waterwheels” was one of a group of ten test codes published by the American Society
of Mechanical Engineers (ASME) in 1915. The Pelton Water Wheel Company published a testing code for hydraulic
turbinesmmmmrthe
brine velocity method of measuring flow wherein the time of passage of an injection of brine was detected by electrical
resistande. Also in October 1917, the ASME Council authorized the appointment of a joint committee to undertake theftask
of revisig the “Rules for Conducting Tests of Waterwheels.” The joint committee consisted of thirteenanemnibers, [four
from ASME and three each from the American Society of Civil Engineers, the American Institute of Electrical Engingers,
and the National Electric Light Association. The code was printed in the April 1922 issue of Mechdnical Engineerigg in
preliminpry form. It was approved in the final revised form at the June 1923 meeting of the Main Committee and was |ater
approvedl and adopted by the ASME Council as the standard practice of the Society.

Within) three years, the 1923 revised edition was out of print and a second revision was ordered by the Main Committee.
In November 1925, the ASME Council appointed a new committee, the Power Test Codesdndividual Committee No. 1|8 on
Hydraulijc Power Plants. This committee organized itself quickly and completed a Yedraft of the code in time for a
discussign with the advisory committee on Prime Movers of the International Electrotechnical Commission at the
New Yok meeting held in April 1926. The code was redrafted in line with(this discussion and was approvefl by
the Mainl Committee in March 1927. It was approved and adopted by the ASME Council as the standard practi¢e of
the Socigty on April 14, 1927.

In Octgber 1931, the ASME Council approved personnel for a newly organized committee, Power Test Codes Individual
Committee No. 18 on Hydraulic Prime Movers, to undertake revision of the 1927 test code. The committee completegl the
drafting pfthe revised code in 1937. The Main Committee approvedthe revised code on April 4, 1938. The code was fhen
approvedl and adopted by the Council as the standard practice of thie Society on June 6, 1938. The term “Hydraulic Pfime
Movers” s defined as reaction and impulse turbines, both of which are included in the term “hydraulic turbines.” A revision
of this Cpde was approved by the Power Test Codes Standards Committee and by the ASME Council in August 1/942.
Additionpl revisions were authorized by Performance Test Code Committee No. 18 (PTC 18) in December 1947. Andther
revision vas adopted in December 1948. [t was also ¥oted to recommend the reissue of the 1938 Code to incorporate fll of
the apprpved revisions as a 1949 edition. A complete rewriting of the Code was not considered necessary, becaus¢ the
1938 edition had been successful and was in general use. A supplement was prepared to cover index testing. The reyised
Code incjuding index testing was approvedion April 8, 1949, by the Power Test Codes Committee and was approved and
adopted |by the Council of ASME by action of the Board on Codes and Standards on May 6, 1949.

The mpmbers of the 1938 to 1949 committees included C. M. Allen, who further developed the salt velocity meth¢d of
flow ratgmeasurement; N. R. Gibson, who devised the pressure-time method of flow rate measurement; L. F. Moody,[who
developdd a method for estimating prototype efficiency from model tests; S. Logan Kerr, successful consultant on pres-
sure risgland surge; T. H. Hogg) who developed a graphical solution for pressure rise; G. R. Rich, who wrote a bodk on
pressurg rise; and other.Well-known hydro engineers.

In 196, Hydraulic Prime Movers Test Code Committee, PTC 18, was charged with the preparation of a Test Code fof the
Pumping Mode/Punip-Furbines. The Code for the pumping mode was approved by the Performance Test Codes Syper-
visory Cdmmitte€,on January 23, 1978, and was then approved by the American National Standards Institute (ANSI)
Board of| Standards Review as an American National Standard on July 17, 1978.

The PTC.18 Committee then proceeded to review and revise the 1949 Hydraulic Prime Movers Code as a Test Cod for
Hydrauli

The result of that effort was the publication of ASME PTC 18-1992, Hydraulic Turbines. Since two separate but similar
Codes now existed, the ASME PTC 18 Committee proceeded to consolidate them into a single Code, encompassing both the
turbine and pump modes of pump/turbines. The consolidation also provided the opportunity to improve upon the clarity
of the preceding Codes, as well as to introduce newer technologies such as automated data-acquisition and computation
techniques, and the dye-dilution method. Concurrently, the flow methods of salt velocity, pitot tubes and weirs, which had
become rarely used, were removed from the 2002 Edition. However, detailed descriptions of these methods remain in
previous versions of ASME PTC 18 and ASME PTC 18.1.

Turbines

viii
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Following the publication of the 2002 revision of ASME PTC 18, the PTC 18 Committee began work on the next revision
to further modernize and increase the accuracy of measuring techniques and to improve clarity. The 2011 revision was
characterized by the following features: increased harmonization of text with other ASME Performance Test Codes
according to ASME PTC 1, General Instructions; improvement of text and illustrations; modernization of techniques
with increased guidance on electronic data acquisition systems and — in the case of the ultrasonic method — increased
ultrasonic flow-measurement accuracy with additional paths. This edition deleted from the code the seldom-used
Venturi, volumetric and pressure-time Gibson flow-measurement methods and the seldom practical direct method
of power measurement. Also in this edition, the Relative Flow Measurement-Index Test was removed from the
main text of the Code to a nonmandatory appendix.

Fgllowing the publication of the 2011 revision of ASME PTC 18, the PTC 18 Committee began work on the nexf revision
to consider current trends in field performance testing of hydraulic units including flow measurement at)inthkes and
environmental performance measures. The 2020 revision includes the following changes:
(d) Thermodynamic method for efficiency measurement has been added.

() Current meter flow measurement method has been expanded to include measurements taken at the|intake.
(c) Additional integration methods for ultrasonic flow measurement have been added.
(d) Key concepts of uncertainty calculations with emphasis on applicability to hydroturbines-and harmonizafion with
intefnational codes have been added.

(e) Guidance for measuring flow at intakes using the acoustic scintillation flow measurement method (nonmpndatory
appéndix) has been added.

Afliscussion of field testing of turbines equipped with aerating systems installed for the purpose ofimproving dissolved
oxygen is, at this time, included as anonmandatory appendix and, depending onrstakeholder interest, may be expjanded in
subdequent publications.
The methods of measuring flow rate included in this Code meet the criteria of the PTC 18 Committee for soupdness of
prinfiple, have acceptable limits of accuracy, and have demonstrated application under laboratory and field conditions.
Thefe are other methods of measuring flow rate under consideration for inclusion in the Code at a later dhte.
A$ME PTC 18-2020 was approved by the Board on Standardization and Testing on October 28, 2020, and apgroved as
an American National Standard by the ANSI Board of Standards Review on October 30, 2020.



https://asmenormdoc.com/api2/?name=ASME PTC 18 2020.pdf

ASME PTC COMMITTEE
Performance Test Codes

(The following is the roster of the Committee at the time of approval of this Standard.)

Irt, Consultant

s, Burns Engineering Services, Inc.
br, GE Power and Water
Ipbell, True North Consulting, LLC

]J. Gonzalgz, Iberdrola Generacion SAU

]J. T. Wals
K. Groves
D. Papert,
C. W. Alm
M. Byrne,
D. Daniel
S. Durhan
D. 0. Huls
R. Israels
J. Kirejczy
D. D. Lem|
P. W. Lud
C. March
R. 1. Muny
N. Perkin
G. Proulx,

y, Consultant
er, Survice Engineering Co.

Kir:})atrick, McHale and Associates, Inc.

ale, McHale and Associates, Inc.

, Chair, Rennasonic, Inc.
Vice Chair, BC Hydro

quist, HDR Engineering, Inc.
Voith Hydro, Inc.

on, Manitoba Hydro

h, U.S. Bureau of Reclamation
e, Consultant

bn, Stantec

k, Consultant

wig, New York Power\Atthority
nd, Andritz Hydre,)Ltd.

0, R.I. Munro Gonsulting

Hydro Quebec, Inc.

The American Society of Mechanical Engineers

is, Electrical Power Research Institute

Secretary, The American Society of Mechanical'Engineers

on, ASL Environmental/Seiences, Inc.

5, Simpson Gumpertz and Heger, Inc.

STANDARDS COMMITTEE OFFICERS

S. Scavuzzo, Chair
T. Kirkpatrick, Vice Chair
D. Alonzo, Secretary

STANDARDS COMMITTEE PERSONNEL

J. Milton, Chevron, USA

S. P. Nuspl, Consultant

R. Pearce, Kansas City Powef and Light

S. A. Scavuzzo, The Bahceck and Wilcox Co.

J. A. Silvaggio, Jr., Siemens Demag Delaval Turbomachinery,
T. L. Toburen, TZE3

W. C. Wood, WW Services

R. P. Allen, Honorary Member, Consultant

P. M. McHale, Honorary Member, McHale and Associates, Inc.
R. R. Priestley, Honorary Member, Consultant

R. ExSemmerlad, Honorary Member, Consultant

PTC 18 — HYDRAULIC PRIME MOVERS

L. L. Pruitt, Stanley Consultants, Inc.

D. E. Ramirez, U.S. Army Corps of Engineers

P. R. Rodrigue, Hatch

A. Ware, Weir American Hydro

W. W. Watson, Watson Engineering Consultants, Inc.

L. A. Greisen, Alternate, HDR Engineering, Inc.

G. J. Russell, Alternate, Weir American Hydro

A. AdamkowskKi, Contributing Member, The Szewalski Instit
Fluid-Flow Machinery

H. Hulaas, Contributing Member, Norconsult AS

T. Staubli, Contributing Member, Hochschule Luzem

J. W. Taylor, Contributing Member, BC Hydro

L. Vinnogg, Contributing Member, Norconsult AS

L. F. Henry, Honorary Member, Consultant

J. J. Hron, Honorary Member, Consultant

P. A. March, Honorary Member, Hydro Performance Processe

te of

, Inc.


https://asmenormdoc.com/api2/?name=ASME PTC 18 2020.pdf

CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the consensus of concerned

interests. As such, users of this Standard may interact with the Committee by requesting interpretations, p

roposing

revi§lons or a case, and attending Committee meetings. Lorrespondence should be addressed to:

Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

Prioposing Revisions. Revisions are made periodically to the Standard to incorporate-Changes that appear n
or dg¢sirable, as demonstrated by the experience gained from the application of the Staridard. Approved revisiol
published periodically.

The Committee welcomes proposals for revisions to this Standard. Such proposals should be as specific as

ecessary
hs will be

possible,

citing the paragraph number(s), the proposed wording, and a detailed description of the reasons for the proposal,

inclyding any pertinent documentation.

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

R¢quests for Cases shall provide a Statement of Need and‘Background Information. The request should idg
Stanldard and the paragraph, figure, or table number(s), aitd be written as a Question and Reply in the same f

tation of
effective

ntify the
ormat as

existing Cases. Requests for Cases should also indicate the applicable edition(s) of the Standard to which the proposed

Casq applies.

erpretations. Upon request, the PTC Standards Committee will render an interpretation of any requirem
ard. Interpretations can only be renderediin response to a written request sent to the Secretary of the PTCS

is accessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will r
atic e-mail confirming receipt.

Iffthe Inquirer is unable tousé the online form, he/she may mail the request to the Secretary of the PTC S
Committee at the above address. The request for an interpretation should be clear and unambiguous. It is fuy
ommended that the Inquirer submit his/her request in the following format:

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

Quefgtion: Phrase the question as a request for an interpretation of a specific requirement su
general understanding and use, not as a request for an approval of a proprietary

bnt of the
fandards

brm. The
bceive an

fandards
ther rec-

o words.
quested.

table for
Hesign or

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

fay thata

“yes” or “no” reply is acceptable.

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

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

information.
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Requests thatare notin the format described above may be rewritten in the appropriate format by the Committee prior
to being answered, which may inadvertently change the intent of the original request.

Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or
understanding of the Standard requirements. If, based on the inquiry information submitted, it is the opinion of
the Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation
that such assistance be obtained.

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

» o«

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

Attending Committee Meetings. The PTC Standards Committee regularly holds meetings and/or telephéne‘copfer-
ences thdt are open to the public. Persons wishing to attend any meeting and/or telephone conference shouldicontadt the
Secretary of the PTC Standards Committee. Future Committee meeting dates and locations can be found on the Commijttee
Page at http://go.asme.org/PTCcommittee.
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Section 1
Object and Scope

1-1 |OBJECT

This Code defines procedures for field performance and
accgptance testing of hydraulic turbines and pump-
turblines operating with water in either the turbine or
pump mode.

1-2 |SCOPE

This Code applies to all sizes and types of hydraulic
turbfnes or pump-turbines. It defines methods for ascer-
taining performance by measuring flow rate (discharge),

head
cien
pret
of m
tion
appe
tion

tions.

, power, and thermodynamic losses from which effi-
'y may be determined. Requirements are included for
bst arrangements, types of instrumentation, methods
easurement, testing procedures, methods of calcula-
and contents of test reports. This Code also contains
ndices providing recommended procedures for addi-
il test methods and guidance for unique test condi-

1-3 UNCERTAINTIES

The test procedures specified herein andthe lignitations

placed on measurement methods and instrument
capable of providing total uncertainties, calcl
accordance with the procedtres of PTC 19.
this Code, of not more than‘the following:

(a) Head: £+0.40%

(b) Power: £0.90%

(c) Flow rate: +1.75%

(d) Efficiency:¢2:00%

Where fav@rable measurement conditions exis
best metheds can be used, smaller uncertaintig
result. Any test with an efficiency uncertainty
than, the above value does not meet the requ
of-this Code.

ation are
hlated in
Il and of

t and the
s should

greater
rements



https://asmenormdoc.com/api2/?name=ASME PTC 18 2020.pdf

ASME PTC 18-2020

Section 2
Definitions and Descriptions of Terms

2-1 DEKINITIONS

ASME [PTC 2 and referenced portions of ASME PTC 19
Series shpll be considered as part of this Code. Their provi-
sions shpll apply, unless otherwise specified. Common
terms, dpfinitions, symbols, and units used throughout
this Codle are listed in this Section. Specialized terms
are explfined where they appear. The following defini-
tions apply to this Code:

acceptarnice test: the field performance test to determine if
anew orjmodified machine satisfactorily meets its perfor-
mance cfiteria.

calibratipn: the process of comparing the response of an
instrumgnt to a standard over some measurement range
and recdrding the difference.

instrumept: a tool, or device used to measure the value of a
variable.

machinej any type of hydraulic turbine or pump-turbine.

multipleking: the technology that is able to combine
multiplel communication signals together in order for
them to fraverse an otherwise single signal communica-
tion medium simultaneously.

NIST: National Institute of Standards and Téchnology.

parties t¢ the test: for acceptance tests theose individuals
designafed in writing by the purchaseér and machine
supplierp to make the decisions/required in this Code.
Other agents, advisors, enginegers, etc. hired by the
parties o the test to act on their behalf or otherwise,
are not donsidered by this:Code to be parties to the test.

point: esfablished by onie‘or more consecutive runs at the
same op¢rating conditions and unchanged wicket gate (or
guide vahe), blad€,or needle openings.

primary pariables: those variables used in calculations of
test resylts,

run: comprises the readings and/or recordings suffi¢ient
to calculate performance at one operating cendition.

runner: turbine runner or pump impeller,

secondary variables: variables that age measured buf are
not entered into the performance-talctlation.

sensitivity: ratio of the change ina result to a unit chanpe in
a parameter.

supplier (or manufacturerj:those directly concerned with
the production of the eqiipment that is subject to tegting.

systematic errors;sare‘reproducible inaccuracies that are
consistently in¢the same direction. Systematic errors are
often due to 4 problem that persists throughout the eftire
experiment Also called bias errors.

test: a series of points and results adequate to establish the
performance over the specified range of operating cqndi-
tions.

total error: the true, unknown difference betweern the

measured value and the true value. The total error confsists

of two components
(a) systematic error
(b) random error

turbine: a machine operating in the turbine mode.

uncertainty: the interval about the measurement or result
that contains the true value for a given confidence |evel
(usually 95%).

2-2 INTERNATIONAL SYSTEM OF UNITS (SlI)

The International System of Units (SI) is ysed
throughout this Code with U.S. Customary Units shown
in parentheses (see Table 2-2-1). ASME PTC 2 proyides
conversion factors for use with ASME performance tests.

2-3 TABLES AND FIGURES

pump: a machine operating in the pumping mode.

pump-turbine: a machine that is capable of operating as a
pump and as a turbine.

random errors: statistical fluctuations (in either direction)
in the measured data due to the precision limitations of the
measurement device. Also, called precision errors.

reading: one recording of all required test instruments.

The general symbols, terms, definitions, equations,
references, and units of variables used in this Code are
listed in Table 2-3-1. See Figures 2-3-1 through 2-3-5
for a graphical definition of certain terms. Method-specific
symbols, equations, and definitions are provided in the
respective sections.
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2-4 PHYSICAL PROPERTIES

See Mandatory Appendix I, Tables I-1-1 through I-1-9
(Tables I-1-1C through 1-1-8C) for physical properties of
fluids and constants.

2-5 REFERENCE ELEVATION, Z,

By agreementbetween the parties to the test, the runner
reference elevation, Z. for determining the plant cavita-

2-7 SUBSCRIPTS USED THROUGHOUT THE CODE

The following subscripts are used throughout the Code
to give the symbols a specific meaning:

tion factor may be selected at the location where the devel-
opmlent of cavitation has a predominant influence on the
perfprmance of the machine. In the absence of such agree-
menjt, the reference elevation, Z,, shall be as shown in
Figure 2-5-1.

2-6| CENTRIFUGAL PUMPS

Sqme definitions in this Code may differ from those
custpmarily associated with centrifugal pumps.

Subscript Description

0 Static or zero flow conditions, a pool (HWL, TWL, etc.)
1 High pressure side of the machine

2 Low pressure side of the machine

T AfT,ammbrettt

abs Absolute

atm Atmospheric, barometric

C Runner cavitation reference elevation

G Gross

g Gage

L Loss

N Net

p A pump

spec Conditions.as stated in purchase specificatiop

T Measured value during test, or as otherwise [defined
t A turbine

v Velocity

vp Vapor pressure

w Water
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Table 2-2-1 Conversion Factors Between Sl and U.S. Customary Units of Measure

Quantity SI Units to U.S. Customary Units U.S. Customary Units to SI Units

Force 1 N =0.224809 Ibf 1 Ibf = 444822 N
Mass 1,000 kg = 68.5218 slugs 1 slug = 14.5939 kg

1 kg = 2.20462 lbm 1 slug = 32.1740 lbm

1 Ibm = 0.453592 kg
Length 1 m = 3.28084 ft 1 ft=0.3048 m
Temperature T°C = (T°F - 32)/1.8 T°F = 1.8T°C + 32
Pressure 1 kPa=0.145038 1bf/in.2 1 1bflint = 6.89476 kPa
Flow rate] 1 m3/s = 35.3147 ft*/sec 1,000 ft3/s = 28.3168 m3/s
Density 1,000 kg/m?® = 1.94032 slugs/ft> 1 slug/ft® = 515.379 kg/ms
1,000 kg/m® = 62.4280 Ibm/ft?
Power 1 kW = 1.34102 hp 1 hp = 0.745706. kW
Standard [gravity acceleration o = 9.80665 m/s? Jo = 3271740 ft/sec”
GENERAL INOTES:
(a) The above conversion factors were derived from the following primary relationships:
m| = 3.14159265359
gl = 9.80665 m/s>
1ft] = 0.3048 m
1 Ibm| = 0.45359237 kg

(b) More Hdetails on unit conversion can be found in ASME PTC 2, Section 5.
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Table 2-3-1 Letter Symbols and Definitions

Symbol

Term

Definition/Equation/Reference/
Remark

Units

SI

U.S. Customary

Ay

Flow section area

Area of high pressure section

Area of agreed water passage cross section
normal to general direction of flow

Areaofagreed flow section in machine high
pressure passage

ft?

ft?

Area of low pressure section

Machine reference diameter

Local gravitational acceleration

Headwater level

Total head

Pressure head

Total head of high pressure section

Area of agreed flow section in machine low
pressure passage

Pelton: pitch diameter

Kaplan and propeller: discharge ring
diameter at runner blade center line
elevation

Francis: runner throat or discharge
diameter

Value of acceleration due to gravity at’an
agreed upon geographical location and
elevation. [See Table I-1-1 (Table
[-1-1C).]

Unless otherwise agreed’to by the parties
to the test, the local, gravitational
acceleration, g, shall'be determined per
Table I-1-1 (Table 1-1-1C) for the
elevation of hotizontal centerline of high
pressure section, Z;, and latitude at the
midpoifitibetween the vertical
centérlines of the first and last machine
and\shall then be used at all other
locations and elevations within the test
site.

Z4, relative to the mean sea level

Sum of potential, pressure and velocity
heads atgiven pointin the water passage
H=Z+h+h,

Height of water column under prevailing
conditions equivalent to pressure, p, at
the corresponding flow section area

h=p/lg (p - pa)]

Sum of potential, pressure and velocity
heads at machine high pressure section
Hi=Zy+ hy+ h,

m/s

ft?

ft

ft/sef?

ft

ft

ft

ft

hy

Hy

Pressure head at high pressure section

Total head of low pressure section

Height of water column under prevailing
conditions equivalent to pressure at
high pressure section, p;

hy = p1/19(p - pa)]

Sum of potential, pressure and velocity
heads at machine low pressure section
Hy =2Z; + hy + hy,

ft

ft
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Symbol

Term

Definition/Equation/Reference/
Remark

Units

SI

U.S. Customary

hy

hatm

Hg

H,

Hy

Pressure head at low pressure section

Barometric pressure head

Height of water column under prevailing
conditions equivalent to pressure at low
pressure section, p,

hy = p2/[8(p - pa)l

Height of water column under prevailing

ft

ft

Gross head

Head loss

Head loss on high pressure side

Head loss on low pressure side

Net head

Velocity head

conditions equivalent to atmospheric
pressure, p..m (absolute)

hatm = Paum/(9p)

Water elevation difference between upper
pool and lower pool corrected for
buoyancy of water in air
Heg = (Z1o = Z20) [1 - (pa/P)] = (HWL -
TWL) [1 - (pa/p)]

Total head loss between any two sections
of water passage

Head loss between the upper peol‘and
machine high pressure section;
including entrance/exit, trashrack,
conduit, and valve loss as*may be
applicable

Hpy = (Z1o = Z1 7h1Y [1 - (pa/P)] - ha

Head loss between the machine low
pressuré section and lower pool,
including entrance/exit, trashrack,
conduit, and valve loss as may be
applicable
Hyz = (Z2 + ha = Z20) [1 = (pa/P)] + hi2

Difference between total head of high
pressure section and total head of low
pressure section corrected for buoyancy
of water in air
Hy=(Z1+h1-Z2-h2) [1-(pa/P)] + hv1 -
th

[Note (1)]

Height of water column under prevailing
conditions equivalent to kinetic
pressure head calculated in a given flow
section

h, = v?/2g

ft

ft

ft

ft

ft

ft

Velocity head at high pressure section

Velocity head at low pressure section

Height of water column under prevailing
conditions equivalent to kinetic
pressure head calculated in the machine
high pressure section

hy = V12/2.9

Height of water column under prevailing
conditions equivalent to kinetic
pressure head calculated in the machine
low pressure section

hyp = V22/29

ft

ft
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Symbol

Term

Definition/Equation/Reference/
Remark

Units

SI

U.S. Customary

NPSH

Net positive suction head

The difference between absolute total head
of low pressure section and potential
head at the first stage runner reference
elevation, Z., minus the vapor pressure
head, h,,.

NPSH = hatmz + Z5 + hy + hyy = Zc = hy,

ft

Pdgpbs

Speed

Turbine power output or pump power
input

Water power

Pressure

Pressure at high pressure section

Pressure at low pressure section

Absolute pressure

Atmospheric presstre

Gage pressure

Fheparties—to-thretest-nmaydecideto
modify the above formula for NPSH by
eliminating the velocity head at low
pressure section, h,;, specifically in case
that the same was done for the
respective model test results.

Rotational speed of the machine main shaft

Power delivered by the turbine shaft or
applied to the pump shaft

Power equivalent to flow rate at fiet*head
P,, = pgQHy/1000 (SI units)

P, = pgQHy/550 (U.S. Customadry units)
[Note (2)]

Static pressure at any point in water
passage relativé to prevailing
atmospheric'pressure [Note (3)]

Static\pressure at horizontal centerline of
machine high pressure section, 4;

Static pressure at horizontal centerline of
machine low pressure section, A,

Static pressure at any point in water
passage relative to perfect vacuum

Dabs = Pg + Datm

Absolute atmospheric pressure at a given
altitude, Z. If suitable barometer is not
available at the test site, the atmospheric
pressure shall be determined per
Table I-1-5 (Table I-1-5C) [Note (4)].

Static pressure measured by a gage or
transducer at the gage elevation, relative
to prevailing atmospheric pressure

TpIm

kw

kw

kPa

kPa

kPa

kPa

kPa

kPa

rpn

hp

hp

Ibf/in.

Ibf/in.>

Ibf/if.?

Ibf/i.2

Ibf/if.?

Ibf/if.

Pvp

Vapor pressure

Flow rate

Absolute vapor pressure of water at the
average temperature of water, Ty, [see
Table I-1-2 (Table I-1-2C)].

Volume of water passing through the
machine per unit time, including water
for seals and thrust relief but excluding
water supplied for the operation of
auxiliaries and the cooling of all bearings

kPa

Ibf/in.?

ft3/sec
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Definition/Equation/Reference/

Units

Symbol Term Remark SI U.S. Customary
TWL Tailwater level Z,, relative to the mean sea level m ft
T, Average temperature of air Average temperature of ambient air at the °C °F
test site

Tw Average temperature of water Average temperature of water in the water °C °F,
passages

v Mean velocity Flow rate divided by flow section area m/s ft/sec

vy Mean velocity at high pressure section Flow rate divided by high pressure section m/s ft/sec
area, A

v Mean velocity at low pressure section Flow rate divided by low pressure section m/s ft/sec
area, A,

Z Potential head Elevation of a measurement point felative m ft
to a common datum

Zy Potential head at high pressure section  Elevation of horizontal centerline of m ft
machine high pressure-section relative
to a common datumh

Z1o Potential head of upper pool Elevation ofupper pool relative to a m ft
common, datum.

Also seey“headwater level”

Z Potential head at low pressure section Elevation of horizontal centerline of m ft
machine low pressure section relative to
common datum

Z0 Potential head of lower Pool Elevation of lower pool relative to a m ft
common datum.

Also see “tailwater level.”

Z. Runner Reference\Elévation Elevation of cavitation reference location m ft
relative to common datum (see
Figure 2-5-1)

Z, Potential head at gage elevation Elevation of a pressure gage typically used m ft
to measure p, (see Figures 2-3-1
through 2-3-5)

n Efficiency Turbine: P/Py,

Pump: Py,/P
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Table 2-3-1 Letter Symbols and Definitions (Cont’d)

Definition/Equation/Reference/ Units
Symbol Term Remark SI U.S. Customary
P Density of water Mass per unit volume of water at measured kg/m? slugs/ft>
temperature and measured or
calculated pressure. [See Table I-1-6
(Table I-1-6C).]
Unless otherwise agreed to by the parties
to the test, density of water, p, used for
CAItUuIdatIivuIlis uIr UUSIJUUL LTS GUUT STIAall
be determined per Table I-1-6 (Table
I-1-6C) for the average temperature of
water, Ty, and pressure at high pressure
section, p;.
od Density of dry air Mass per unit volume of ambient air at kg/m? slugs fft®
measured temperature and given
altitude. [See Table I-1-3 (Table I-1-3C).]
Unless otherwise agreed to by the parties
to the test, density of air, p,, used for.
calculations throughout this Code shall
be determined per Table I-1-3 (Takle
I-1-3C) for the average temperature of
air, T,, and the elevation of horizontal
centerline of the high préssure section,
Z
o Cavitation factor o = NPSH/Hy
GENERAL NOTES
(a) Yee Figures 2-3-1 through 2-3-5 for head definitions.
(b) Yee Mandatory Appendix I, Tables I-1-1 through I-1-9 (TablessI<1-1C through I1-1-8C) for physical properties of fluids and c¢nstants.
(c) Wherever applicable for the potential and pressure differential*heads, factor “1 - (p,/p)” corrects the height of the respective glifferential
Wwater column for buoyancy of water in air.
EXAMPLE: With 50°F water temperature and 60°F ambienttemperature at sealevel, the value of the factor would be: 1 - (p,/p) =1 -{0.002372/
.93975) = 0.99878. It means that for this numerical\example, the apparent height of the water column is reduced by 0.122%.
(d) Density of water used in a manometer for the preéssure measurement is referenced to the mid height of the water column.
NOTES:
(1) Nethead could also be defined as gross head minus head loss on high pressure side minus head loss on low pressure side: Hy = Hg|-H;1 — H1»
(2) Term “hydraulic capacity” is also commenly used.
(3) If the elevation of the gage is different from the elevation the static pressure is referred to, the following correction is requjred:
p=rpy + (2= 2)3p = )]
(4) If the elevation of the bafometer is different from the elevation to which the atmospheric pressure is to be referred to (for example Z5), the
fpllowing correction is-tequired:
Btm2 = Byem T (25 - Z)g/fz
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Figure 2-3-1 Head Definition, Measurement and Calibration, Vertical Shaft Machine With Spiral Case and Pressure
Conduit

i

HWL
N

;
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HLZ

——High pressure sectign

§
@L/— Pressure gage, py ES

Zio

———— — —~-low pressure sectign

20

<
R
A N
N'
il
.

GENERAL [NOTES:

(a) Net h¢ad is defined as Hy = (Zy + hy - Z, - hy)[1 = (pa/p)] * hy1 — hyo.

(b) The byioyancy of water in air factor, [1 - (p,/p)], is neglected in the graphic representation of head losses, H;; and H,. In this figure|head
losses|are shown for the turbine mode. For the pump,mode, the head losses will be of the opposite sign.

(c) Density of water by static check reading is as follows:

g

=—+p
g(Zlo - Zg)

a

Y4

10
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Figure 2-3-2 Head Definition, Measurement and Calibration, Vertical Shaft Machine With Semi-Spiral Case
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GENHKRAL NOTES:

(a) Net head is defined as Hy = (Z; + hy - Zp— h2)[1 = (pa/pP)] + hy1 — hyo.
(b) The buoyancy of water in air factor, [2="(p./p)], is neglected in the graphic representation of head losses, H;; and H ;. In this figure, head
Ipsses are shown for the turbine mode. For the pump mode, the head losses will be of the opposite sign.
(c) Density of water by static check reading is as follows:

g

=—+p
g(zlo - Zg)

a

Y4

11
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Figure 2-3-3 Head Definition, Measurement and Calibration, Bulb Machine
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are shown for the turbine mode. For the pump
y of water by static check reading js-as follows:

ad is defined as Hy = (Z; + hy = Z; = hy)[1 ~(pa/p)] + hy1 = hyz.
oyancy of water in air factor, [1 - (p,/p)], is heglected in the graphic representation of head losses, H;; and H;,. In this figure,

mode, the head losses will be of the opposite sign.

g

p=—e
8(2y, - Zg)

+/)a

12
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Figure 2-3-4 Head Definition, Measurement and Calibration, Horizontal Shaft Impulse Turbine (One or Two Jets)

High pressure section
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GENHRAL NOTES:

(a) Net head is defined as Hy = (Z1 + h1 %3~ h3)[1 - (pa/pP)] + hy1 — hya.
(b) The buoyancy of water in air factorj,[1 - (pa/p)], is neglected in the graphic representation of head losses, H;; and Hj;.
(c) Density of water by static check reading is as follows:
P,
g
p=——"-""—7=p
8(Zy, - Zg) 4

13
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Figure 2-3-5 Head Definition, Measurement and Calibration, Vertical Shaft Impulse Turbine
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NOTES:

(1) Radial machines, such as Francis turbines and pump-turbines; for multistage machines; low-pressure stage.

(2) Iiagonal (mixed-flow, semi-axial) machines with fixed runner/impeller blades and with runner/impeller band.

3) &iagonal (mixed-flow, semi-axial) machines with fixed runner/impeller blades without runner/impeller band.

(4) Diagonal (mixed-flow, semi-axial) machines with adjustable runner/impeller blades.

(5) Axial machines, such as propeller turbines and pump-turbines with fixed runner/impeller blades.
(6) Axial machines, such as Kaplan turbines and pump-turbines with adjustable runner/impeller blades.
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Figure 2-5-1 Reference Elevation, Z., of Turbines and Pump-Turbines

(a) [Note (1)] (b) [Note (2)] (c) [Note (3)]
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Section 3
Guiding Principles

3-1 GENERAL

The olject of the test shall be agreed by the parties to the
test and shall be defined in writing before the test
commenges.

In tesys conducted in accordance with this Code, the
parties o the test shall be represented and shall have
equal rights in determining the test methods and proce-
dures unjess agreed to otherwise. Any agreement reached
among the parties to the test shall be in writing.

Accepftance testing shall be performed only after
dependdble safe operation of the machine has been
demonstrated and after the machine has been found
by inspdction to be in a condition satisfactory to the
parties tp the test. The parties to the test should agree,
after consideration of plant operation, head, and flow-
rate conpditions when the test is to be performed.
Testing ghall be done as soon as possible within the speci-
fied wagranty period, unless otherwise agreed to in
writing by the parties to the test.

The parties to the test shall be entitled to have such
member$ of their staff present during the test as required
to assur¢ them that the test is conducted in accofdance
Code and in accordance with any wriften agree-
ade prior to the test.

intakes, trash racks;-gates, valves, and the
-velocity head loss‘at the conduit exits, shall
not be charged to the turbine or credited to the pump.

At installations where an absolute flow-rate measure-
ment is ot practical or desirable, the index method (see
Nonmanfatory Appendix A) may be used. Index testing
makes uge ofthe relative flow rate in order to determine
relative nachine efficiency. In the case of a machine with

For pumped storage installations, with small reseryjoirs,
tests can be conducted conveniently over the-entire dper-
ating head range. One or more runs at the various |gate
openings shall be conducted at each of\several hdads,
using machined metal spacers, if necessary, for accurately
and positively blocking the gate servomotors at each posi-
tion.

For pumped storage installations with large reservoirs,
it may be convenient to conduct tests at only one poiht in
the head range. At each constant head, sufficient test funs
shall be conducted atthe same gate opening using metal
spacers, if necessary, to reduce the positioning errgr.

3-2 PREPARATIONS FOR TESTING

3-2.1_General Precaution

Reasonable precautions should be taken when
preparing to conduct a test within the uncertainty of
this Code. Indisputable records shall be made to idehtify
and distinguish the machine to be tested and the dxact
method of testing selected. Descriptions, drawingp, or
photographs may be used to give a permanent, explicit
record. Instrument location shall be predetermipned,
agreed to by the parties to the test, and describdd in
detail in test records. Redundant, calibrated instrumjents
should be provided for those instruments susceptibje to
in-service failure or breakage.

3-2.2 Inspection Before Test

Prior to the start of the test, an inspection of the madhine
and its water passages shall be made to verify that
(a) trash racks, water passages, and all machine
components that affect performance are in satisfadqtory
condition
(b) the water does not carry undue quantities of air,
bark, leaves, weeds, or other foreign elements, which

both adjustable wicket gates and adjustable runner
blades, index testing should be carried out before the
performance test to determine the best gate and blade
combination. The positions of the wicket gates and
runner blades for various positions of the operating
mechanisms shall be accurately measured, and suitable
reference scales shall be provided. These scales shall
be accessible during operation and their indications
shall be recorded during the test.

16

may unfavorably affect the flow rate or operation of
the instrumentation

(c) pressure taps, piezometer tubes, and connecting
pipes are clear of obstructions and are properly
formed and located
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3-2.3 Provisions for Testing

To ensure fulfillment of the conditions of this Code,
attention should be given to provisions for testing
when the plant is being designed and preferably
before the machine is purchased. This applies particularly
to the arrangements for measurement of flow rate, head,
power, and speed. The method for measuring flow rate
should be selected during the design stage and stated
in the—preoeH - B t
shoyld be decided during the design stage and prior to
condtruction are

(d) flow-rate measurement method and devices

(B) location of high-pressure and low-pressure
sectjons

(c) number and location of pressure taps and instru-
menft connections

(d) location of flow-rate measurement section

(€] location and type of piping for pressure and flow-
rate|measuring devices to be used during the test

provisions for power measurement.

3-24 Planning a Performance Test

In| addition to the discussion in subsection 3-1, the

following information is useful in planning a performance
test:
(a) Determine the availability of test equipment and

traiped personnel for the measurement of large flow
ratep with the accuracy required. Obtaining this equip?
menjt and the personnel experienced in its installation,
adjustment, operation, and the analysis of the results is
a major consideration.

(H) Consider the time for testing and-plant outage
reqyired for each method. Some methods‘require unwa-
teripg to install and remove test_equipment. Others
reqyire only limited interruptiofinfor inspection and
testing. These factors are significant to the overall cost
of thie test. Some methods reqiise a long series of readings
for dach run. Other methods require only a few seconds to
make a single reading.fer)each run. The pressure-time
method requires that the interconnected electrical
system absorb sudden shedding of load; water passages
and pther structuires may be subject to increased stresses.

(c) Scheduléthe test to occur when seasonal reservoir
level andttailwater level provide test conditions that
closgly.approximate the specified net head operating
condens—and-sats are =7aa8

3-2.5 Agreements

Prior to conducting any tests there shall be agreement
by the parties to the test on the exact method oftesting and
the methods of measurement. The agreement shall also
reflect the requirements of any applicable specification.
Any discernible omissions or ambiguities as to any of
the conditions shall be resolved before the test is
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started. Typical items on which written agreement
shall be reached are

(a) object of test.

(b) type of test.

(c) location and timing of test.

(d) test boundaries.

(e) need for and application of results of any index tests
(see Nonmandatory Appendix A).

(f) method of determining acceptable condition of the
machine prior to testing

(g) selection of instruments (number, locati
data-acquisition, and processing equipment.

(h) method of calibration of instruments before and
after the test.

(i) confidentiality of test results)

(j) number of copies of origihal data requirgd.

(k) data to be recorded’and method of recorgling, and
archiving data.

() operating conditions: head, speed, tailwater level,
power factor (PE), and cavitation factor.

(m) flow ratemeasurement device(s) and method to be
used.

(n) methods for determining the bearing and generator
losses:

(o) methods to be used for measurement
head; and power.

{p) methods for estimating head losses betyeen the
instrument locations and the high-pressure| or low-
pressure sections, if required (see Nonmandatory
Appendix B).

(q) methods for concurrent measurement of gny other
performance indicators, if applicable, e.g., cavifation or
dissolved oxygen (see Nonmandatory Appendi} E).

(r) values of measurement uncertainty and njethod of
determining overall test uncertainty.

(s) methods for estimating systematic unce
calculating random uncertainties (see Sectiof]
performing a pretest uncertainty analysis.

(t) method of operating the machine ungler test,
including that of any auxiliary equipment, th¢ perfor-
mance of which may influence the test resuly e.g., air
admission valve(s) in the specified (open or closed) posi-
tion, or operated in the normal automatic mod¢ (by the
unit controls).

(u) methods of maintaining constant operating condi-
tions as near as possible to those specified, ipcluding

n, type),

f speed,

tainties,
7), and

(v) method of determining duration of operation under
test conditions before test readings are started.

(w) system alignment or isolation.

(x) organization of personnel, including designation of
chief of test.

(v) duration and number of test runs, including start
and stop procedures.

(z) test schedule and scope (which machines are to be
tested and when).
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(aa) extent and estimated duration of the test. This
shall include a statement of the minimum number of
runs and the operating conditions, loads and gate settings
at which runs are to be made.

(bb) method of ensuring synchronization of readings.

(cc) frequency of observations.

(dd) base reference conditions.

(ee) methods of correction and values used for correc-
tions for deviations of test conditions from those specified.

organization and procedures, and train personnel. All
parties to the test may request the execution of reasonable
preliminary test runs. Observations during preliminary
test runs should be carried through to the calculation
of results as an overall check of procedure, layout, and
organization. If such preliminary test run complies
with all the necessary requirements of the appropriate
test code, it may be used as an official test run within
the meaning of the applicable code.

(ff) mpthods of computing results, including integra- For acceptance and other official tests, the supplier phall
tion methods where more than one method may be ap- have reasonable opportunity to examine the maehine,
plicable. correct defects, and render the machinessuitable to

(gg9) method of comparing test results with specified test. The supplier, however, is not thereby empowgred
performance. to alter or adjust the machine or conditions in such a

(hh) donditions for rejection of outlier data or runs. way thatregulations, contract, safety, or other stipulagions

(ii) ingent of contract or specification if ambiguities or are altered or voided. The manufacturer may not rpake
omissior]s appear evident. adjustments to the machine for test purposes that [may

(jj) pretest inspections. prevent immediate, continuous; and reliable operdtion

(kk) arbitration procedure. at all capacities or outputs-tinder all specified opergting

(1) arly objections, noted deficiencies, need for addi- conditions. Any actions\taken must be documented|and
tional dgvices, changes, and calibrations. immediately reported,to all parties to the test.

. Acceptance and other official tests shall be conductg¢d as
3-2.6 Chief of Test promptly as pgssible following initial machine operafion.

The p4rties to the test shall designate an experienced The machifte sho.uld be operated for'sgfﬁaent tine to
chief of fest who shall demonstrate that intended test conditions have been

(a) erfsure preparation of a written test plan established, i.e., steady state. Agreement on procedures

(b) supervise all on-site calibrations, measurements, and\time should be reached before commencing theftest.
and calcylations necessary to determine the performance Once te:stmg has started, readjustments to the machl.ne
of the mhchine under test, and possess sufficient experi- that can influence the results of the test should reduire
ence to fecognize potentially unsafe test conditions repetition of any test runs conducted prior to the fead-

(c) exprcise authority over all test personnel related'to justments. No adjustments S}}OUId be perm1551bl< for
the conduct of the test the purpose of a test that are inappropriate for reljable

(d) supervise the conduct of the testin accordance with and continuous ‘?Perat“’“ following a t?St unde.r any
this Cod¢ and any written agreements made- prior to the and all of the specified outputs and operating conditjons.
test Data shall be taken by automatic data-collecting equip-

(e) report test conditions and ensufe)computation of ment or by a sufficient number of competent obseryers.
results hnd the preparation of thefinal report (see Automatic data-logging and advanced instrument sysfems
Section ) shall be calibrated to the required accuracy. No obsdrver

(f) enbure that test instrumtenits have been properly shall be required to take so many readings thatlack of fime
calibrateld or have valid calibration documents may result in insufficient care and precision. Considera-

(g) askume responsibility for all test measurements tion shall be given to specifying duplicate instrumentgtion

(h) mhke every reasonable effort to ensure that any and taking simultaneous readings for certain test poirlts to
controvdrsial mattérs*pertaining to the test are resolved attain the specified accuracy Of. the test.

Agreement shall be reached in advance as to the[per-

3-3 TESTS sonnel required to conduct the test. Personnel shall have
A the experience and/or training necessary to enable them

Dimer 5‘ "‘C 23 C‘ eH ding -e—H e 2 e cC e a8 :_:: e i i $tru-

associated equipment, and water conduits shall be
obtained prior to the test. Available relevant data, draw-
ings, documents, specifications, calibration certificates,
and reports on operating conditions shall be examined
by the chief of test and made available to the parties
to the test.

Preliminary test runs, with records, serve to determine
if the machine is in suitable condition to test, check instru-
ments and methods of measurement, check adequacy of
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ments assigned to them. Intercommunication arrange-
ments between all test personnel and all test parties
and the chief of test should be established. Complete
written records of the test, even including details that
at the time may seem irrelevant, should be reported.
Controls by ordinary operating (indicating, reporting,
or integrating) instruments, preparation of graphical
logs, and close supervision should be established to
give assurance that the machine under test is operating
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in substantial accord with the intended conditions. For an
acceptance test, accredited representatives of the
purchaser and the machine supplier should be present
at all times to assure themselves that the tests are
being conducted with the test code and prior agreement.

Preliminary results shall be computed during the course
of the test and these results, together with selected impor-
tant measurements, shall be plotted on graphs. Any run
that appears to be inconsistent with the other runs or

parties to the test, prior runs shall be evaluated and
voided if necessary and the test restarted.

It is recommended that the cavitation factor o during
the test should be equal to the cavitation factor o, corre-
sponding to the nominal (or specified) operating condi-
tions. If a deviation is unavoidable then such deviation
should be kept to a minimum and ¢ should always be
greater than oy to avoid effects resulting from the
onset of cavitation. It is recommended that the power

appears to exceed limits of deviation or fluctuation
shall be repeated. However, test records of all runs
shall] be retained.

3-4|INSTRUMENTS

Electronic data acquisition is recommended where the
datalsystem has the required accuracy and resolution, the
readout is clear, and periodic verification readings are
made by independent means.

Cdreful inspections and checks of all instrumentation
shal] be carried out before, during, and after the test.

Transducers shall be located to minimize the effect of
ambjient conditions on uncertainty, e.g., temperature or
temperature variations. Care shall be used in routing
lead| wires to the data collection equipment to prevent
elecfrical noise in the signal. Manual instruments shall
be lpcated so that they can be read with precision and
conyenience by the observer. All instruments shall be
marked uniquely and unmistakably for identification. Cali<
bratjon tables, charts, or mathematical relationships shall
be rpadily available to all parties of the test. Obsenvers
recqrding data shall be instructed on the desired
degiee of precision of readings.

The timing of instrument observations‘shall be deter-
min¢d by an analysis of the time lag of both the instrument
and [the process so that a correct and*meaningful mean
valup and departure from allowable-operating conditions
may| be determined. Sufficient-observations shall be
recarded to prove that steady-state conditions existed
duriphg the test where thisis a requirement. A sufficient
nunjber of observations shall be taken to reduce the
random component.of-uncertainty to an acceptable level.

3-5|OPERATING CONDITIONS

3-5]1 Operating Philosophy

factor should be at unity wherever possible,

3-5.2 Test Run Conditions

Test runs should be made under conditions of|constant
speed, constant head, and constant'power wijthin the
following limits of variation during an individual run:

(a) Variations in measured speed should ndt exceed
+0.5% of the average speed, measured.

(b) Variations in measured head should not exceed
+1.0% of the average”head measured.

(c) Variations.in' measured power output jor input
should not exceéd #1.5% of the average measurgd power.

3-5.3 Permissible Deviations

Themachine under test should be operated to gnsure its
performance is bounded by the permissible flu¢tuations
aitd permissible deviations specified. Should tﬁle actual
average conditions of any test deviate from thhe corre-
sponding specified conditions, they shall be tredted indi-
vidually as follows:

(a) The actual average speed, ny, and net head, Hy, for
each individual test run may deviate from ngpec ind Hgpec
by as much as 5% and £10%, respectively, proyided the
value of the ratio ny/(H7)*® does not differ ffom that
of nspec/(Hspec)o'5 by more than +1%. The njeasured
flow rate, head, net positive suction head, anld power
shall be converted to values that correspond to
Nspec/ (Hspec) -5 by using the applicable equations of
Section 5 of this Code. No efficiency correction isfrequired
(see Figures 3-5.3-1 and 3-5.3-2, Zone 1).

(b) If the conditions of (a) above are not met|but ny is
within £5% of ngpec, Hr is within £10% of Hypec| and ny/
(Hy) °*is within £5% of ngpec/ (Hspeo) °° then the heasured
values of flow rate, head, net positive suction Head, and
power may be converted to specified values us|ng char-
acteristic test curves of an identical or honfologous
machine model tested over the operating range|in ques-

T} < tCDtD D}lUu}C‘l :JC LUllduLth ad L}UDC}y dadS lJUDDFU]lC tU
specified operating conditions and thus reduce the magni-
tude and minimize the number of corrections for devia-
tions from specified conditions. Each run shall be
conducted under the best steady-state conditions obtain-
able at the operating point. Once a test has started, adjust-
ments to the machine under test or the test equipment,
which may affect test results, shall not be permitted.
Should adjustments be deemed necessary by the

19

tion and the applicable equations of Section 5 (see Figures
3-5.3-1 and 3-5.3-2, Zone 2). Either a model test or CFD
model, as agreed upon by the parties, may be used for this
correction.

(c) The method of making the conversion for operation
at other selected speeds, the permissible deviation from
specified conditions, and the basis for making correction
for electrical and mechanical characteristics shall be
determined by prior agreement.
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(d) If, in the pumping mode, it is not possible to test
within the specified head range, discharge throttling
may be used to perform the test, by agreement, within
the specified head range.

3-6 DATA RECORDS
3-6.1 True Copies

True

tions. The test log should constitute a complete record
of events including details that at the time may seem
trivial or irrelevant. Erasures, destruction, or deletion
of any data record, page of the test log, or of any recorded
observation is not permitted. If corrected, the alteration
shall be entered so that the original entry remains legible
and an explanation is included. For manual data collection,
the test observations shall be entered on carefully
prepared forms that constitute original data sheets

oniesof all official test data taken manuallz or
r J

electronically, test logs, notes, sample calculations,
results, gdnd plots along with pre-test instrument calibra-
tions shall be provided to the parties to the test prior to the
dismantling of the test instrumentation or departure of
the test proup from the site. Programs that are used to
calculatg results may be considered as proprietary.
Howevef, sufficient information needs to be provided
for the true copies, which permits the duplicated data
to be usled to calculate the test results. These copies
will proyide the parties to the test with all information
plus enstire the safekeeping and integrity of the test data.

The offiginal log; data sheets, files, and disks; recorder
charts; tapes; etc., being the only evidence of actual test
conditioIs, must permit clear and legible reproduction.

Copying by hand is not permitted. The completed data
records ghall include the date and time of day the observa-
tion was| recorded. The observations shall be the actual
readings| without application of any instrument correc-

authenticated by all observer signatures. For automatic
data collection, printed output or electronic files’$hall
be authenticated by the chief of test and otherreprdsen-
tatives of the parties to the test. When neypaper copy is
generated, the parties to the test must agree’in advange to
the method used for authenticating, veproducing,|and
distributing the data. Copies of the‘electronic data |files
must be copied onto storage devices and distributgd to
each of the parties to the test."The data files shall e in
a format that is easily acCessible to all.

3-6.3 Analysis and'Interpretation

During the conduct of a test, or during the subsequent
analysis or inferpretation of the observed data, an obyious
inconsisteney may be found. If so, reasonable effort shpuld
be made’to adjust or eliminate the inconsistency.|The
method used should be explained clearly in the report
of ¥esults. If this is not possible, questionable test funs
should be repeated.
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Figure 3-5.3-1 Limits of Permissible Deviations From Specified Operation Conditions in Turbine Mode
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Figure 3-5.3-2 Limits of Permissible Deviations From Specified Operating Conditions in Pump Mode
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Section 4
Instruments and Methods of Measurement

4-1 GENERAL

This Section describes the instruments and methods to
be used for measuring head, flow rate, power, speed, and
timg.
truments shall be located so they can be read with
predision and convenience by the observers. All instru-
ments shall be clearly and properly identified, and
theiy calibration tables or charts shall be readily available.
Obsé¢rvers shall be instructed in the proper reading of the
instfuments and the desired precision of the readings.
The precision of all measuring instruments shall be

and [type of electrical leads, where applicable, shall be
stat¢d in the final report. Refer to IEEE 120-1989.
Adlditional instrumentation may be necessary to main-
tain [the uncertainties required by subsection 1-3 when
testing at machine operating conditions substantially
diffdrent than the best operating range of the instrumen-
tatign.
instruments/instrument transformers:shall be cali-
bratpd before and after the test. Those instguments that
canijot be calibrated on site shall bear a‘valid calibration
certfficate from an accredited laboratoty. Before carrying
out fhe test, the necessary correction and calibration
curyes of all instruments emploeyed shall be available,
so that within a short time-fellowing a test run, prelim-
inary calculations can be~made. After completion of the
test|a repeat calibration*may be omitted by agreement
of the parties to the“test. Instrument calibrations shall
be ifcluded in the final report.

4-2| DATA'ACQUISITION AND DATA PROCESSING

Thetuse’ of data acquisition systems (DAS) has consid-

erapry-cecreasee—m a ot O ano .pe €toa v,
plish performance testing and has greatly lowered the
uncertainty of the results. However, the use of a DAS
is not without pitfalls. A DAS shall be used with knowledge
of the signals being processed and the rate of change of
quantities being measured.

Planning and designing a DAS to be used for perfor-
mance testing requires consideration of the following:

(a) sensors or transducers

(b) cabling

23

(c) calibration

(d) uncertainty

(e) data sufficiency

(f) data management

(g) operational consideration$§

(h) acquisition speeds

(i) resolution

(j) noise rejection

(k) data verification

Uncertainty should-be a primary consideratipn when
designing a DAS-for machine performance testing. The
DAS shall have sufficient resolution so that unfertainty
levels can.meet Code requirements. Sufficignt data
should b€ recorded to allow low random unceftainty.

Raw>data signals should be recorded with the JAS along
with‘data converted to engineering units to reaglily eval-
Uate discrepancies and aid in system troubleshodting. The
DAS shall be designed so that verification of engineering
parameters can be performed on site.

The machine under test should be operated
the system stability is attained prior to data c
Scan rates of time-varying signals shall be sulff
ensure that the complete characteristic of the|signal is
obtained, yet should be slow enough that the amount
of data saved is not so excessive it does ndthing to
improve the test measurements or lower thelrandom
uncertainty.

Calibration procedures should be carefully d
well in advance of the test using benchmarks es
prior to the test.

uch that
llection.
icient to

bveloped
ablished

4-2.1 Introduction and Definitions

Data acquisition and processing is the conversion of
measured signals into appropriate engineering units

using several components e.g., transducers, multiplexers,
signal converters, conditioners, and computers. [The final
outpu T Presel OIT Of TIeasured qua 85 in engi-

neering units as meaningful performance data.
The measured signals are either fluctuating or time
varying. In most cases, the average value of the signals
can be used to determine the hydraulic performance of
a turbine. Care should be taken to ensure a sufficient
number of samples are taken for each test point. Sampling
shall be made at a sufficient frequency and duration to
properly represent and capture the signal.
Some important definitions are as follows:
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aliasing: a phenomenon that occurs when an analog signal
is sampled at a rate less than twice that of the frequency of
the highest-frequency signal or noise component (Nyquist
rate); such under-sampling will produce spurious low-
frequency signals (aliases) that cannot be distinguished
from the original signal.

frequency of interest: the frequency of interest is the range
over which the transducer shall accurately represent the
signal dynamically and the range that the data acquisition

4-2.4 Component requirements

The components in the measurement process shall be
able to operate over the frequency range of interest.

Components transferring the quantity to the trans-
ducer, for example pressure piping, can cause spurious
effects and cause errors in the measurements. Care
should be taken to avoid these phenomena.

The temperature dependence of all components of the

system damples the transducer.

resolutipn: the smallest change in the signal that a
measurement process can represent.

sample r
properly
signal: a
be meas

ite: the rate the transducer is sampled in order to
represent the signal or reconstruct the signal.

ontinuous fluctuating or time varying quantity to
hired.

transducpr: a measuring device, that converts the signal
from ond form to another (mechanical to electrical or vice
versa) arld provides an output quantity with a known rela-
tionship |to the input quantity.

rther information and other definitions of terms
subsection 4-2, see ASME PTC 19.22.

For fu
listed in

4-2.2 General requirements

The oytput from the data acquisition and data proces-
sing system shall properly represent the dynamic and/or
static characteristics of the signal. Proper representation
shall mean the ability to reconstruct the raw signal from
the acquiired data.

Documpented calibration procedures shall exist\for all
instrumgnts in use. Records of all measurementstandards
and meaguring equipment used to establish.compliance to
specified requirements shall be maintained.

During a performance test, the averages of each of the
measuref quantities shall be obtained’ by measurements
perform¢d during the same tinte|interval.

4-2.3 Data acquisition

The DAS may be anranged in different ways (including
manual methods), depénding on the hardware available
and the Fequireménts of the data acquisition.

Possible arrangements and examples of different data
acquisition systems include time multlplexmg systems

xa. Bt faxa oot b i 2l the
Hreastree Rt Sy Sste St KRowWh—+to—€5tabHST

limits within which their performance is stable. Teénmipera-
tures outside of the limits of the components should be
avoided or alternate components should be used.

Properties such as linearity and hysteresis sha
documented during calibration.

4-2.4.1 Transducer. Trangducers used for|the
measurement of performance parameters that have
temperature influences should operate in a stpble
temperature environment. They should be locpted
where they are not influénced by external factors [e.g.,
from direct sunlight, ieating panels, ventilation chanrjels).
Transducers shall be used within the manufactufer’s
specifications:

The dynamic behaviour of the transducers sha
known, garticularly in the frequency of interest.

Cargsshould be taken when using transducers and signal
conditioners that may have special inherent damping,
filtering, or adjustable response times. Additionally, tifans-
ducers with extremely high deflection of the senfsing
element should be avoided. Such transducers with fhigh
deflection can cause erroneous measurements in poth
fluctuating and time varying measurements.

I be

I be

4-2.4.2 Cables and termination. The signal path
between transducers and amplifier shall be designgd in
such a way that external influences (noise) on| the
signals (e.g., from power lines or temperature variations)
are minimized. Proper shielding and grounding shall be
observed. Connectors and terminations shall have sthble,
reliable mechanical and electrical properties.

Even ifall the above precautions have been taken, ipflu-
ences from radio devices, control signals, or power lines
on the measurement can result in spurious or erronpous
data. The design of the data acquisition system shpuld
facilitate diagnosing these influences.

4-2. 4 3 Slgnal condltlonlng The output from transdu-

uration of both systems shall be suff1c1ent to sample
data with adequate resolution and rate so aliasing on
time varying signals does not occur. The system shall
have sufficient throughput to sample at the prescribed
rate over a sufficient duration to capture the event. Addi-
tionally, the system shall be capable of storing these values
for later review.
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in a 51gnal Condltlonlng unit. Care should be taken to
ensure the signal conditioning unit does not adversely
filter or alter the signal over the frequency of interest
range.

4-2.4.3.1 Filter. When choosing filters, an evaluation
of the following properties shall be made:
(a) AC signals: cut-off frequency, attenuation roll off,
passband ripple, and time delay
(b) DC signals: offset, temperature drift and linearity
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In analyses where simultaneous measurement of two or
more signals is important, be aware of delays in the condi-
tioning and data acquisition systems. Filters cause delays
(phase shift) that are a function of the filter type and the
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cut-off frequency (Figure 4-2.4.3.1-1).

The cut-off frequency of a low-pass filter shall be a
maximum of half the sampling frequency in order to
avoid aliasing effects. This is illustrated in
Figure 4-2.4.3.1-2. In practice, a cut-off frequency of
to ensure
that|aliased components of the signal are not captured
in the roll off frequency range (f; to f;). Typical low
ordé¢r filters have roll off frequencies of 10 dB per
decdde and may pass unwanted frequencies. Care
ld be taken to ensure that the sampling rate is
much higher than the roll off characteristic of the filter
or the filter roll off characteristics are sufficiently
to prevent higher frequencies from aliasing effects.

one

sho

stee

442.4.4 Multiplexer. The effective multiplexing rate of
the gnalog to digital converter (ADC) shall be compared to
the lequirements for each signal since the ADC is sampling
ral channels sequentially. Typically, maximum
sampling rate for each channel is reduced in proportion

sevg

tot

The switching system is either a relay or a solid state
ching type. Relay switching is usually more accurate
solid state switching, but has a lower switching rate.
n switching between different voltage levels, be
Fe of interference effects between neighboring chan-
Generally, these errors increase with the switching

swit]
than
Wh
awa
nels
rate

4
the ¢
the
In|
timd
drift]

The resolution of an ADC(is defined as the number of bits
fonverter uses to quiantize the analog signal. A 3-bit
8 quantities or a
lution of oné.part in eight which is in turn

the
cony
res
encq
Fq
12-1
resol

ird or less of the sampling rate is used

e number of channels in use.

2.4.5 Analog-to-Digital Converter (ADC). Before
ontinuous analog signal can be read by-the computer,

bignals must be converted into digitdl numbers.

iportant parameters for ADG’S\are the conversion
, resolution, accuracy, input range, temperature

and linearity.

erter divides thé&range into 23 =

ded into a.binmary number.

r perforinance tests, a minimum requirement shall be
it resolution (2% = 4096) or 1 part in 4096. This
lution’is based on the complete span of the transducer

Conversion time should be sufficient to all

ow each

channel in multiplexed systems to properly sample the
signals at the Nyquist rate over the frequency of interest.

Input range of the analog signal should maxi
quantization of the signal.

mize the

4-2.4.6 Computer. The controller in the data acquisi-
tion system is the computer. It shall have the following

communicate with peripheral equipment. The's
ware should have the ability to perform calibrat
present results.

The computer interface should have a suffic
transfer rate to prevent data loss between th
converter devices and computer storage.

4-2.4.7 Data processing. Typical software t

(a) control of the data.acquisition

(b) calculation of Calibration coefficients

(c) conversion of‘electrical values into eng
units

(d) calculation of average values and other s

(e) caleulation of performance data

(f) data logging for sufficient statistical analy

(g). ‘presentation of results

(h) data storage

The raw data for each parameter in an ac
performance test shall be available after the ey
of a test point in order to perform a manual ca
and verify the computer code.

functions: configure and synchronize the data acquisition,

Inits, and
hme soft-
ions and

ent data
e analog

sks are

ineering
tatistics
rSis
eptance

raluation
[culation

If possible, essential performance data should be

continuously displayed during the test to give an
of the turbine performance. The number of sam
the sampling rate should be sufficient to show
mean signal values and a satisfactory representat
dynamic characteristics of any time varying sig

4-2.5 Check of the DAS

Each measurement process shall have a compl
matic diagram showing its main components.
help the parties to decide where checks sh
made if particular problems occur, or when o
signals require closer investigation.

4-2.5.1 Check for Bias Effects. Means
provided in order to verify that the data ac

verview
ples and
accurate
on ofthe
nals.

ete sche-
This will
ould be
bcillating

Khall be
juisition

system does not have any bias effect

bein

dynamic measurements, care shall be taken to ensure
that the A/D sample rate is sufficient. Typically sample
rates should be at least twice the highest frequency
component of the signal. In some cases, the sample
rate can be as high as 10 times the highest frequency
component if data analysis such as fast Fourier transforms

g measured to minimize guantizing errors-Eor
(=] 1 o

is anticipated.
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4-2.5.2 Software. The software code can be verified by
an alternative computation using the raw data read at
input to the data acquisition system and comparing it

with the result from the computer.
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Figure 4-2.4.3.1-1 Time Delay
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Figure 4-2.4.3.1-2 Filtering and Sampling Frequencies

Typical low-pass filter attenuation characteristics
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GENERAL INOTE: To obtain desired frequency content, f. > f,,. To avoid aliasing in the pass-band, f; = 2f,.

4-3 HEAD AND PRESSURE MEASUREMENT

Frequency, Hz

oh

rately determined in relation to the main bench rhark
prior to starting the test. All bench marks and elevgtion

4-3.1 Bench Marks

A fixed elevation reference point called a main bench
mark shall be provided at each machine installation. The
elevation of this main bench mark shall be accurately
determined, preferably in relation to some established
datum e.g., as a geodetic bench mark. The main bench
mark shall be clearly labeled to avoid any possibility of
error. The elevations of auxiliary bench marks for free
water surface levels and pressure gages shall be accu-

reference points in the head-measuring system shall be
retained undisturbed until the final test report is accepted.

4-3.2 Static-Head Conditions

The pressure measuring system should be used to
measure the static-head conditions. This will aid in veri-
fying the value of the density of water, the functioning of
the pressure-measurement system, and the accuracy of
the water-level elevations.
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4-3.3 Free-Water Elevation

The measurement section for the determination of a
free-water elevation shall be chosen to satisfy the
following requirements:

(a) the flow shall be steady and free from disturbances

(b) the cross-sectional area used to determine the
mean water velocity shall be accurately defined and
readily measurable

The-inlet-water-elevatio 2 aHations—w
open canals or intakes shall be measured at the agreed
inleq section downstream from the trash racks.

The outlet-water elevation shall be determined at the
agreied section at the end of the outlet conduit. If this is not
pragdtical, a different measurement section may be used in
each case at the shortest possible distance from the agreed
flow] section. The total head determined at the measure-
menft sections shall be corrected by the head loss and velo-
city head difference in the intervening passages between
the pgreed flow section and the actual measurement
sectjon computed by the Darcy-Weisbach or similar
formula. Nonmandatory Appendix B provides guidance
for determination of head loss in some special cases.

4-3
If

4 Measuring Wells and Stilling Boxes

the free water surface is not accessible or sufficiently
calnj at either the machine inlet or outlet, measuring wells
may|be used. These wells may also be used to confine and
protect submersible pressure cells when they are used for
watgr-surface elevation measurement.

443.4.1 Pipe-Type Stilling Wells. The following'guide-

lineg apply when submersible pressure cells suspended in
pipettype stilling wells are used:
(a) Thediameter of the pipe should provide a clearance
of atfleast 12 mm (4 in.) around the pressure cell, to allow
the yater surface in the pipe to follow the water surface at
the measurement location.

(h) Ifthere is no mean flowpast the measurementloca-
tion) then a simple opensended pipe may be inserted into
the yvater. This is often the case in gate slots at elevations
aboye the conduit c€iling, or againsta wall thatisabove the
machine discharge donduit (e.g., downstream face above a
draft tube inturbine mode).

(c) Whennused in inlet-gate slots with multiple inlet
conduits,-at least one measurement location should be
proyided in each slot.

be evenly spaced around the pipe on a plane at least 2
pipe diameters below the pressure cell. When installed
in the flow in this manner, the uncertainty in the head
measurement can be estimated as one-half of the velocity
head at the stilling well location.

(f) The output of the pressure cell should be sampled at
a sufficient frequency that water-surface fluctuations
occurring in the pipe can be accurately averaged over
the test run.

4-3.4.2 Float-Gage-Type Stilling Well. The\following
guidelines apply if a float-gage-type stilling, wel| is used:

(a) The area of the measuring well should be such that
the float gage may respond freely and)without|interfer-
ence from the sides of the stilling well.

(b) All connections should/be*riormal to the passage
wall at the measurement/section and shppuld be

(c) Theconnection between the measurement section
and the @ell'should have an area of at least 0.0] m? (0.1
ft%).

(d)A flushing valve should be provided at the Bottom of
the well. It is recommended that at least two nieasuring
wells be provided at each measurement section, one on
each side of the passage at the measurement spction.

4-3.5 Plate Gage

A plate gage consisting of a metal disk suspend¢d from a
calibrated flexible steel tape may be used to detejmine the
water elevation in relation to an auxiliary bencll mark at
the measurement section.

4-3.6 Point or Hook Gage

A point gage or hook gage may be used to deterjmine the
level of calm water (e.g.,, inside stoplog slots, measuring
wells, stilling boxes, or upstream of weirs).

4-3.7 Float Gage

Afloatgage may beused and isrecommended Where the
water level is variable. The float diameter shofild be at
least 200 mm (8 in.). When the float is manually displaced,
it shall return to within 5 mm (0.2 in.) of its origjnal posi-

(d) When used at draft-tube exit, at least one measure-
ment location should be provided for each exit bay with a
minimum of two per draft tube.

(e) Ifthestilling well is installed in the flow, it should be
as small in diameter as practical, and it should be attached
to a wall or other location where the flow velocity is low.
The end of the well should be capped, and at least six
square-edged holes with a diameter of at least 6 mm
(Y4 in.) and a combined area of no more than one-
quarter of the cross-sectional area of the pipe should

27

tion. A float diameter of 200 mm (8 in.) is considered
adequate for use with a stilling box 250 mm? (10 in.?),
which often is the largest size suitable for installation
in stoplog slots.

4-3.8 Staff Gage

A fixed staff gage, installed flush with the wall of the
measurement section, may be used where the head is
greater than 10 m (33 ft).
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4-3.9 Electronic Water Level Indicator 4-3.12 Measurements by Means of Compressed
A water level indicator with an integral scale and Gas
audible and visual indicator may be used when the The free water elevation may be determined by means
probe reaches water level and the circuit is completed. of compressed gas, air, or nitrogen inside a tube (bubbler
system). One end of the tube is connected through a regu-
4-3.10 Time-of-Flight Techniques lating valve to a small compressor(s) or gas bottle(s). The

Water surface level may be measured by time-of-flight other end is open and located at a known elevation below
remote-sensing devices, such as radar and ultrasonic the water surface to be measured. Pressure loss in the tube

rangers,[provided the devices yield accuracy sufficient e . e ute.
to meet|the overall uncertainty requirements of the Gas consumption is small because it is necessary-only for
test. Whn these devices are used, care shall be taken small bubbles to escape continuously from the 6peni end of
to ensurp that the cone-shaped beam of the transmitted the tube. The bubbler works best in still water, bechuse
signal is finaffected by obstructions, e.g., adjacentwalls.In ~ dynamic effects may cause errors.

the case pf an ultrasonic device, the measurement shall be .
o 4-3.13 Number of Devices
temperafure compensated to account for the variation in

the speed of sound in air as a function of temperature. Care The number of devices used should be determined by
shall be aken to ensure that movement of the transducer the condition of the water.surface at the measurement
does nofl affect the distance measurement. location. If the water surfaee'is relatively level and updis-

Aprocedure for installation and calibration of the trans- turbed, as is often the caséat an intake, then one meadure-
ducer shall be developed in advance to allow for the fabri- ment may be sufficient>Otherwise, it may be necessafy to
cation of special support fixtures required. have multiple elevation measurement devices at intake or

L. discharge bays:
4-3.11 Liquid Manometers

If the free water surface in the measurement section is 4-3.14 Pressure Measurement by Pressure Taps

inaccessible, its elevation may be determined by means of When pressure taps are used to measure the static head
two or mpre liquid-column manometers. Therecommend-  at the inlet and/or discharge sections, there shall e at
ed liquidjmanometer is a differential type with inverted U- lgast four pressure taps equally spaced around a cir¢ular
tube. Ong leg of the U-tube is connected to a reference \\“tonduit. There shall be two pressure taps located on pach
vessel il which water is maintained at a fixed level, vertical side (at the one-quarter and three-qudrter

The other leg is connected to the free water levelMf  heights) of a rectangular conduit or at least one at
the freq water level to be measured is above'the  mid-height of both vertical sides of each part of a mulfiple

manomgdter, the water in the upper portion of‘the U-  conduit section. To avoid air and dirt, no pressure |taps
tube shall be depressed by means of compressed air or shall be located at the top or bottom.
nitrogen| If, however, the free water levektd'be measured Each pressure tap should be flush with the wall, with the

is below [the manometer, the levels in the two U-tube legs tap axis normal to the wall, and without local flow di§tur-
shall be raised by suction. The conhecting tubes to the  bances (see Figure 4-3.14-1). If modifications to thesp re-
manomgter shall allow for ready purging to remove quirements are necessary (for example, by using a surface-
any gas fJockets and to maintain-the same water tempera- mounted piezometer plate), the impacts of the modffica-
ture thrdqughout the system:\DiSsolved gases in the water tions on measurement uncertainty shall be address¢d in
may confinue to be releaSédover time during the courseof ~ the uncertainty analysis.

the meagurements, s¢_periodic inspection is required. A Care shall be exercised in locating the inlet pressure
procedufe for installation and calibration of the trans- taps to avoid flow vortices. Location of pressure taps
ducer shjll be déeveloped in advance to allow for the fabri- shall be at least 3 conduit diameters downstream from

cation of| special support fixtures required. They shall be an elbow, butterfly valve, or other flow-disturbing copfig-
sufficiently airtight to avoid leakage of air into sections uration, and one conduit diameter upstream fronj the
below atmospheric pressure. The welght ol the unbal- machine inlet section or the manifold inlet section of
anced gas column in a differential manometer shall be an impulse turbine. If the distance between the
taken into account. Further details on manometers can machine and the flow-disturbing configuration is too
be found in ASME PTC 19.2. short to allow the recommended location, the pressure
taps shall be located at least one conduit diameter
upstream from the flow-disturbing configuration, and
the computed head loss in the intervening segment of
conduit shall be deducted from the measured head. If
the conduit is rectangular, one equivalent conduit
diameter shall be the average of height and width.

28
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Figure 4-3.14-1 Pressure Tap

Noncorrosive

(Figure 4-3.14-2). Pressure plates shall be a minimum
of 350 mm (14 in.) long, and a maximum of 25 mm (1
in.) thick with 15 deg or 3:1 semi-elliptical leading and
trailing edges (or more gradual taper). The pressure
tap shall be in the center of the plate and meet the require-
ments of Figure 4-3.14-1. Installed tubing shall conveni-
ently exit the conduit without disrupting flow streamlines
for static pressure measurement. Experimentation has
shown that 5 mm (% in.) weld beads do not have a

plug
d—
_ I
jla 11
AMOA VAAA’ W
d/N0 maximum
radius
Pipe half
d— coupling
— — [
(m
d/10 maximum Weld

fadius

3mm<d<9mm
(Vgin. < d < 3gin.)

The wall of the conduit shall. be smooth and parallel to
the flow for a distance of atleast 450 mm (18 in.) upstream
and [150 mm (6 in.) downStream from the pressure tap.
The purface shall net’deviate by more than 0.75 mm (0.03
in.) froma450 mm (18 in.) straight edge applied parallel to
flow]for 150 mfr{6 in.) on either side of the pressure tap.
Eaclf pressurétap orifice shall be of uniform diameter, d, 3
mm fo 9mm (% in. to ¥% in.), for a depth of at least 2d from
the yallwhere d is the diameter of the orifice. The orifice
edgeshall be Iree from burrs or irregularities and shall be
rounded to a radius not greater than d/10. In concrete
conduits, each pressure tap shall be located at the
center of a corrosion-resistant plate at least 300 mm
(121in.) in diameter, embedded flush with the surrounding
concrete.

Where pressure taps were never installed or have
become unusable and external access to the conduit is
not available, pressure plates may be installed inside
the conduit to measure local static pressure

measurable effect on piezometer plate measufements.
Installation welds should be ground so as notjte’|nfluence
measurements. Where practical, the internally jmounted
tubing should be run downstream teya point gt least 1
diameter from the centre of the meteér sectiop before
any circumferential tubing is installed.

Pressure taps shall be indiyidually valved so they can be
read separately. Pressurestaps may be manifolfled after
the valve, provided the manifold piping is not |ess than
12 mm (' in.) in§ide diameter when mdasuring
devices other than\pressure cells are used, agd 6 mm
(Y, in.) inside diameter when pressure cells gre used.
All connections shall be leak free. Care shall pe taken
to ensure that all pressure-sensing lines are fegularly
bled and*that no air has entered the system.

Théyeondition of measurement, including|velocity
distribution, and condition of pressure taps|shall be
such that no pressure tap in the section of meajurement
shall vary in its reading from the reading of any|other by
more than 1% of the net head or 20% of velocity head at
full gate and specified head, whichever is larggr. If any
pressure-tap reading appears to be in error, the source
of the discrepancy shall be determined and rfemoved,
or the reading of the tap shall not be used in cqmputing
the head. At least two taps shall be used at each measure-
ment section. If this is not possible, a new meaqurement
section shall be selected, and an appropriate crrection
shall be made for the intermediate head loss. Pressure
taps and connecting piping to the devices should be regu-
larly flushed.

4-3.15 Pressure Measurement

For the measurement of pressure, liquid manoineters or
deadweight gage testers shall be considered [primary
devices. Precision Bourdon gages or precision pressure
transducers are secondary devices and may|be used
for pressure measurements, provided they are cplibrated
efore and alter the test against a primary device or a
NIST-traceable transfer standard. It is recommended
that the calibrations of all secondary devices be
checked on-site before and after testing, and during
testing if specified by the test plan or if requested by
the chief of test. These on-site pre- and post-calibration
checks are sufficient to meet the requirements of this para-
graph so long as the calibration checks are made using
primary devices or NIST-traceable transfer standards.
It is advantageous to have a primary device or transfer
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Figure 4-3.14-2 Pressure Plate Tap

d/10 maximum radius ‘\
|
.

Longitudinal View

Side View

standard connected in parallel with the secondary devices
so that at any tilme during the test, all parties may be satis-
fied that fhe’gage readings or the recorded measurements

Plan View

4-3.16 Pressure Measurement With Running
Calibration

are in agreement with the primary device (see
Figure 4-3.15-1 and para. 4-3.16). This is especially impor-
tant if the test instruments must be shipped or exposed to
potentially harsh environments between the test site and
an off-site calibration facility.

Figul e4=-3715-tshowsa PT ECISTOTT SPT iug pressure gage
or a precision pressure transducer connected in parallel
with a deadweight gage (primary device) to the penstock
through an interface vessel, so that at any time before,
during, or after the test, all parties may be satisfied
that the gage readings or recorded measurements are
in agreement with the primary device. The interface
vessel permits operation of the deadweight gage with
the required oil and provides for operation of the gage
or the transducer with oil at same temperature.
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Figure 4-3.15-1 Calibration Connections for Pressure Gages or Pressure Transducers
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The two modes of operation, pressure measurement
with the gage or the transducer, and instrument calibra-
tion[with the deadweight gage, are obtained by switching
valves. For pressure measurement, valves A and C are
open and valves B, D, and E are closed. For instrument
calibration, valves A, C, and D are closed; E is open;
and [valve B and sight glass are only used for checking
the point of zero gage pressure. Valve D can be used
either to release trapped air from the interface yessel
or t¢ fill the vessel and pressure line with oil, Valve B
is used to relieve pressure in the vessel or adjust the inter-
face|level to the reference elevation.

An in-line calibration check does not needto include the

tive page readings or’transducer outputs are recorded, but
the gage/transducer'is not adjusted.

The instrumient calibration is determined by a best-fit
strajght linefitto the calibration data. All calibrations and
calijration'checks should be evaluated and plotted as they
are dcquired. Should the difference between calibrations

Penstock pressure

column is_ uséd, the mid-height of the colump should
be the elévation used to determine gravity.

4-3,18 Determination of Density of Water

Ih freshwater situations, the density of watef may be
determined by static water-level measurement ¢r by use
of standard Tables of pure water density, suchfas those
given in Table I-1-6 (Table I-1-6C), taking into ac¢ount the
following:

(a) average temperature of the water colump

(b) compressibility at the mid-height of the water
column

(c) dissolved and suspended solids

Water temperature shall be periodically recprded to
determine variations during the test.

When the test water is heavily silt-laden or brag¢kish, the
density of the water shall be determined by measfirement.
Pressure-measurement devices shall be used at the test
site under static conditions to determine the conversion
factor from units of measurement indicated by tHe device,
to the value of the density of water. In determ|ning the
water density, the buoyancy effect of air shall bg consid-
ered. Since instrument problems and survey efrors can
influence this measurement, it is advisable to| confirm
this value by computation.

or caltbration checks performed during the test program
exceed acceptable limits, the causes of such difference
shall be determined and eliminated, and the calibration
procedure repeated.

4-3.17 Determination of Gravity

When using a deadweight tester or a pressure trans-
ducer, the determination of gravity should be made at
the elevation of the tester’s piston. If a mercury

4-4 FLOW MEASUREMENT

4-4.1 Introduction

This Code describes the current meter, pressure-time,
ultrasonic, and dye dilution methods of flow measure-
ment. These methods meet the criteria of the Test
Code Committee for soundness of principle, limits of accu-
racy available, and demonstrated application under
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laboratory and field conditions. It is expected that these
methods permit the selection of at least one method of
flow measurement suited to field conditions encountered
in testing.

The current meter method (para. 4-4.2) measures velo-
cities at several specified locations in a test section of
closed conduits or intakes.

The pressure-time method (para. 4-4.3) measures the
impulse resulting from the deceleration of flow in a closed

enough that deflection and vibration caused by the
flow are negligible. The minimum distance between
the axis of any current meter and the water passage
wall or the blade tip of any adjacent current meter
shall be 0.75 times the blade tip diameter of the
current meter. The maximum spacing between meters
is based on achieving adequate resolution required for
integration [see para. 4-4.2.2(g)].

Only electric-signaling current meters shall be used. The

conduit.

The ulfrasonic method (para. 4-4.4) is based on the prin-
ciple thdt transit times of ultrasonic pulses propagated
downstfeam are reduced by fluid velocity, while
transit times of pulses propagated upstream are
increasegl.

The dye dilution method (para. 4-4.5) involves the
constant rate injection of a dye tracer into the flow
stream, gnd sampling downstream at a distance where
mixing i complete. The dilution of the dye is proportional
to the flgw.

Any of the preceding methods of measuring flow rate
may be ysed by mutual consent of the parties to the test,
provided the guiding principles stated in Section 3 are
observed. The method of measurement should be deter-
mined afjthe design stage of the power station so that the
appropriate test appurtenances can be installed during
construckion.

Flow-neasurement using acoustic scintillation in unit
intakes if being evaluated for future versions of the Code
but is ngt considered sufficiently proven for inclusion at
this timg. Nonmandatory Appendix C provides guidance
on the uge of acoustic scintillation for flow measurement.

4-4.2 Qurrent Meter Method

The current meter method establishes the'flow rate in a
conduit}y measuring velocities at discrete points in the
flow sectiion area. The measured pointvelocities are inte-
grated oyer the measurement cross/section to obtain the
flow rat¢. Measurement procedures in accordance with
ISO 3344 are recommended. Current meters and
methods|of measurement.should fulfill the requirements
of ISO 2%37, and 3455 respectively.

The following géneral requirements shall be followed
for any qurrent'nieter testing. Specific requirements for
current thetets,in closed conduits (penstocks) and current
meters in‘intakes are provided in paras. 4-4.2.1 and

bearing arrangement and lubrication are of speciali

detecting reverse flow.
Current meters shall be calibrated in a towing tank

bration equationssshould be considered valid for dlean
current meters, in good working order; dirty beaiings
or meter damage will change the relationship betyeen
revolutiohs per second and velocity. The calibrqtion
shall include the effect of oblique flow and, where grac-
tical{ changes in water temperature. If temperature depen-
dént calibration is not feasible for all current meters psed
in a test, the effect of temperature should be assepsed
through manufacturer information or through calibrgtion
of a smaller number of meters. Calibration shall be
performed over the range of velocities expected fof the
test; in no case should the calibrated rating curve be ektra-
polated to higher or lower velocities.
The current meters shall be inspected before and after
the test. Any blade deformation or other defect sybse-
quent to calibration shall require a recalibration of the
meter at the request of any party to the test.
Ideally, all velocity measurements are made sim
neously. However, in large measurement sections,|this
isnotpractical due to thelarge number of meters requjred.
Measurements can be made with several current mé¢ters
mounted on movable frames that can traverse the water
passage(s) to collect the required point velocities for |nte-
gration. However, when all velocity measurements arg¢ not
made simultaneously, it is necessary to check for st¢adi-

ness-offlow durina the samplina neriod usina the AL ter-
o r or o i

h1]ta-

4-4.2.2, respectively.

Current meters require a mounting structure/frame
that can either be in a fixed position or movable. Moveable
frames can be either repositioned to fixed locations to
measure point velocities, or traverse the water passage
while continuously recording velocity data. Regardless,
the current meters shall be installed with their axis set
perpendicular to the measurement plane and only self-
compensating (axial-flow) current meters shall be
used. Mounting rods and frame elements shall be stiff
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Kennedy taps or another suitable method. For small varia-
tions in flow rate, the flow reference can be used to adjust
measurements to the same reference flow rate or head.

The duration of measurement for each fixed-position
shall be at least 2 min. For continuous measurement
methods, the traverse time should be a minimum of 5
min and the traveling velocity of the carriage should
not exceed 5% of the average flow velocity. For measure-
ments showing that the water velocity is subject to
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periodic pulsations, the duration of measurement shall
include an even number (at least four) of complete
periods of the pulsation.

The current meters and their supports disturb the velo-
city distribution in the conduit. It is assumed that smaller
scale velocity effects (wake region vs. compressed stream-
lines) are accounted for by including the mounting system
in the calibration setup. On a larger scale, however, the
blockage effect of the frame can lead to a positive

will increase the estimate of the overall flow measurement
uncertainty and calibration should include angles up to
10 deg.

4-4.2.2 Current Meters in Intakes. Although flow
conditions are not as ideal as those for a straight
conduit as described in para. 4-4.2.1(a), current meters
can also be used for velocity measurement in intakes,
largely because the principle of integration of a detailed
because

error in the flowrate measurement. The magnitude of
this |error depends on the number and type of current
meters used and the projected frontal area of the supports.
The fflow rate, Q, reduced to correct for blockage, is given

by
Q= [1 — 0.125(S/A) — 0.03(S;/A)1Q peasured
whefe

= area of the measurement section

projected frontal area of the support structure

= propeller area ( 2?:1 ndi2/4)

d; = tip diameter of the propeller
n = number of current meters

LN
|

The summation of areais for all current meters, whether
of tHe same or different tip diameters. It is recommended
that|the blockage effect can be ignored if the blockage is
less than 2% of the intake area (ISO 3354). An uncertainty
is infroduced into the flow measurement by the supports:
This| should be taken as the greater of +(1/12)(S/A) or
(2/3)[1 - 0.125(S/A) - 0.03(S,,/A)]. This may limit the
amojunt of blockage that can be tolerated when-eembined
witH other uncertainties and compared to.the overall
allowable test uncertainties (see para.*4<4.2.3) for a
test that meets the conditions of this‘Code.

444.2.1 Current Meters in Closed Conduits. With
respect to measurements in closed’conduits, both circular
and fectangular, the following.additional criteria shall be
obsqrved for the measuremeént section:

(a) Thevelocity distribution shall, as nearly as possible,

be that of fully de¢eloped turbulent flow in a straight
conduit of uniform/cross section.
(n) All pointvelocity measurements from individual
currpnt meters’shall be within 25% of the mean velocity
for anyCryun. 1SO 3354 provides additional guidance
thropghthe use of an asymmetry index.

velocitvprofile over the intake areais sound and
A o

ittypically requires low facility outage time fof injplemen-
tation. A typical low head unit with a converginglintake is
illustrated in Figure 2-3-2.

Due to the large number of points measured, th¢ process
usually involves traversing a rack-of current metprs verti-
cally through a number of successive elevatigns. This
process can take 1 to 2 hr fofieach test run. The fesulting
grid of point velocity meastirements is numericplly inte-
grated over the flow aréa-to yield the flow rate [sge (c) and
(d) below]. Normally, the current meter frames pre posi-
tioned at fixed elévations in the flow field, but an plternate
approach is to ‘eontinuously record data as the frame
traverses the intake vertically, so that a continuopis move-
ment profile’ can be obtained and integrated.

The\use of current meters for measuring velogities for
integrdtion in intakes requires careful consideratjon of the
following potential difficulties:

(a) Velocity Profile. Because the flow in an intdke is not
fully developed, the velocity profile should be reviewed for
the presence of reverse flows or other unusual and unex-
plainable velocity profile characteristics. Tragh racks,
support structures, and accumulated trash mpy affect
the velocity distribution and turbulence levels,|and this
effect must be evaluated. It is recommended the trash
racks be inspected for debris and, if necessary| cleaned
prior to testing. Velocity measurements that sighificantly
deviate from expected values shall be scrutinizgd; char-
acteristics of the profile should be explainable {e.g., pier
separation) and repeatable among successive tgsts.

(b) Blockage Effect. Blockage effects for a moving frame
may depend on the position of the frame in the inftake. For
example, a significant portion of the frame may] be posi-
tioned out of the effective flow area when|the top
boundary is being measured. Similarly, the blockage
effect may also be affected when measuring pear the
bottom of the intake where flow could be pfevented
from passing below the frame. As per para. 4-4.2 it is rec-

(c) 1f the conduit is of lapped construction, the
measurement plane should be in the smaller section.

(d) If the measurement section does not meet the re-
quirements of (a) or (b), it is necessary to investigate for
oblique or reverse flows using a flow directional sensing
device such as a directional vane with an angular trans-
ducer (see also ISO 3354, asymmetry index). All velocity
points shall be included in the overall velocity calculation
with the appropriate contribution. Points exceeding the
current meter’s maximum oblique angular capability
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ommended that the projected frontal area of the frame be
less than 2% of the intake area so that the effect can be
considered negligible.

(c) Metering Plane Dimensions. In many cases, the
metering section in an intake will be at a location that
is not possible to dewater, such as upstream of the
intake stoplog slots. In such cases, the dimensions of
the intake should be taken as the best available data,
e.g., as-constructed or as-built drawings and the uncer-
tainty should be evaluated appropriately. An approach
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to quantifying this uncertainty may be to use appropriate
concrete formwork tolerances from the construction
industry that should be representative of the tolerances
typical at the time of construction.

When the metering plane is located below an opening,
such as a stoplog slots with a relatively large dimension
parallel to the flow, it can be difficult to accurately define
the ceiling flow boundary. In such cases the uncertainty in
the vertical dimension can be reduced by positioning the

positions, but the resolution of the vertical profiles can be
easily increased, provided test conditions remain
stationary during this increased test run duration. This
denser grid can be used to inform selection of the
actual test grid, and can later be used for comparison
with tested profiles to evaluate uncertainty associated
with the number of test points. An alternative to this
approach is to uniformly remove points from the
measured profile to evaluate the effect on the flow

current meters as close as reasonably possible to the
upstrear limit of the opening and then monitoring the
velocity| signal as the meters are lowered into the
intake. It is recommended that the velocity profile in

the vicinlity of this theoretical boundary be explored in
detail. Cdre should be taken to ensure negative velocities
are not ifptroducing error. For witnessed contractual tests,
it is recdmmended that the selected upper boundary be
agreed upon by relevant parties to the test.

(d) Stgtistical Stationarity of Test Conditions. Because
intake tepts may be of longer duration, particular attention
should bg given to ensuring the variation of test conditions
(head and power) remain within allowable tolerances
(para. 3{5.2). Furthermore, it is recommended that the
test duration be minimized as much as is practicable,
while regpecting the importance of sufficient detail in
the megsurement grid. The use of a single current
ith both horizontal and vertical traversing is
ed because of the excessive time involved. If
ditions meet the requirements under para.
mology can be used to adjust velocities and
r each row of data, with the adjustment being
from thq head (gross or net) for the particular row to
that of the full test run.

(e) Calibration of Current Meters. In addition-to the re-
quiremepts in para. 4-4.2, uncertainty of ‘surrent meter
responsg to oblique flows should bé“¢valuated, and
this shoyld cover the expected range of off-angles.

(f) Mdasuring Grid (see also ISO3354). Because the velo-
city distrjibution in intakes is nat likely to be uniform as it
would bg¢ for fully developed\flow, consideration shall be
given to|provide a sufficient number of point velocities
with grid spacing appropriate for the shape of the velocity
distributfion. For velocity profiles that are expected to be

power f

ments sh

measurement. The measuring grid used for tedting
shall be mutually agreed upon by the parties to aCommer-
cial test.
For moveable frames, there will be potential for a
certain amount of side-to-side movement withinl the
intake as well as uncertainty with respect to the vertical
position of the points. The expected amount of horiz¢ntal
and vertical play of the frame can be determined and psed
to assess uncertainty. This can'be estimated by way] of a
sensitivity analysis whereby the flow rate is recalculated
assuming the grid was shifted to each side as well as lerti-
cally.
(g) Velocity Profile Integration. It is recommended|that
a numerical méthod be used for velocity integration, with
provisions-related to problems related to intakes. These
provisions\include an accounting for open ceiling anfl/or
situations where the intake at the measuring section if not
hydraulically isolated from any other flow path. Additjonal
glidance on this follows:
(1) Integration Methods
(-a) For velocity profile integration, it is re¢om-
mended that calculations use a numerical method inyolv-
ing interpolation of smooth splines fit to the test data.
(-b) Alternatively, an averaging of intefrior
elements (as a simplified option) can be used ajong
with assumed boundary layer profiles. This bounflary
layer can be approximated using Karman’s law|and
involves a selection of boundary layer coefficienf, m.
This coefficient is typically within the range 4 tq 14,
but can be greater than 14 for undeveloped convergent
flow. The sensitivity of the overall flow estimate to| this
boundary layer coefficient can be assessed by recglcu-
lating flow using a range of assumed coefficient values.
(-c) Forintakes with flow profiles that are notffully

non-unifprm, the\minimum number of velocity measure- developed, graphical and arithmetic methods (such fs in
ould.be'more than 24 times the cube-root of the ISO 3354) are not recommended.

intake arfea..For example, testing an intake that is 64 m? in (2) Upper Boundary of Metering Section
1d vnqnivn aminimumof96 measurement pninfc‘ ( n) Intakemethads fypira”y involue lowori in-

areawo

For measurement grids in close proximity to upstream
trash racks, itis recommended that the grid have atleast 2,
preferably 3, times as many rows as there are main hori-
zontal structural cross members of the rack. To confirm
the suitability of the test grid (for fixed elevation measure-
ment methods), it is advisable to perform a more detailed
profile exploration prior to the actual test, ideally near a
key guarantee point such as peak efficiency or full gate. It
may not be practical to increase the number of horizontal
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strumentation into bulkhead stoplog slots, where there is
an opening in the water passage ceiling. Consideration
should be given to the potential for streamline expansion
relative to a predefined measurement grid. The effect of
this expansion will depend on the width of the opening in
the upstream-downstream direction. Narrow openings
will have less effect than wide openings, in which case
the flow profile may not be significantly affected. For
wider openings, the effect of the open ceiling can be
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minimized or avoided by maintaining a minimal distance
between the measuring plane and the upstream edge of
the opening.

(-b) Ifthe gate slot with the metering section is not
hydraulically isolated from any other flow path, poten-
tially allowing for inflow downstream of the measurement
section, a means of sealing the gate slot must be provided.

men,
cati

(a
to1
(b
dian]

(¢
4-4

4-4.2.3 Uncertainty. The uncertainty in flow measure-

ns of this Code is estimated to be within

+1.20% for conduits ranging in diameter from 1.2 m
5m (4 ftto 5 ft)

+1.00% for conduits larger than 1.5 m (5 ft) in
heter

+1.75% for intake methods

3 Pressure-Time Method

T

e pressure-time method for measuring flow rate is

appliicable where the water flows through a closed conduit
of either uniform or converging cross section. It is based

upo
seg
the v
enti
shal
vari
inte
only
betv
loss

the relation between change of pressure in a test
hent of the penstock and change of momentum of
olume of water contained in that segment. The differ-
1 diagram application of the pressure-time method
be used. Differential diagrams record the pressure
htions between two measurement sections with no
mediate free surface points of relief and are affected
by the friction loss and change in momentum
een the two sections. The effect of conduit friction
outside of the test segment, changes in intake or

con

uit friction, and changes in intake or sukge tank

the actual test head. If this is not possible, the leakage
measured when the unit is at standstill shall be adjusted
to the pressure drop across the wicket gates or closing
device measured at the end of each pressure-time run.
Such leakage, when adjusted to test conditions, shall
not be greater than 2% of full load flow rate and the
leakage measurement error shall not exceed 0.1% of
full-load flow rate.

tionally, the distance between /measurement|sections
shall be measured at each tap.location (e.g., upper-left
tap to upper-left tap). In the’case of a converging test
segment, or where construction methods may lead to
variation in the penstoek area, more sectiony may be
required to ensure thatthe flow measurement unfertainty
is within test reqirements. Construction drawinlg dimen-
sions shall beused only as a check on these measurements,
not for calculations.

Four pressure taps, 3 mm to 9 mm (% in.
diameter, shall be installed at each measfirement
section in positions diametrically opposed pnd in a
plane normal to the axis of the section. The four taps

lo % in.)

watgr levels are identical at both pressure measurement
sectlons, and thus are eliminated from the differential
pressure readings.

This subsection describes the use-of the digital form of
the gressure-time method, whichisthe preferred method.
The [traditional method usingthe Gibson apparatus may
still be used. Refer to PTC 18-2002 for details on the imple-
menftation of the traditional method.

444.3.1 Minimum Requirements. The minimal condi-
tion for the use ofithis method is that the product of L and v
shall not be/less than 46.5 (SI system) or 500 (U.S.
Cusfomary ‘system), where L is the length between the
two |pressure measurement sections and v is the mean
velorityin the test segment when the machine is carrying

of each measurement section shall be valved ind
This may be accomplished at the pressure tap
manifold/pressure transducer. The pressure tay
be connected to the pressure transducer or nf
using tubing that is as short as practical a
least 6 mm (%, in.) inside diameter. Connectir
may be rigid or flexible, so long as the mate
construction is nonelastic and nonexpanding a
be shown that the piping will convey the [
signal without introducing excessive damping,
purpose, the connecting piping shall be consi
be a part of the transducer. If necessary, pipin|
be supported to prevent resonant mechanical ¥

vidually.
br at the
s should
anifolds
nd be at
g piping
rial and
hd it can
ressure
For this
dered to
o should
ibration.

If measurement conditions are likely to be difficult, addi-
tional pressure tap pairs may be added.

In circular conduits, the pressure taps at each fneasure-
ment section shall be located at 45 deg to the centerline of
the section. In rectangular conduits, the presqure taps
shall be located at one-quarter and three{quarter
heights on the vertical walls.

full load. Values of L shall exceed the larger of 10 m (33 It)
or twice the internal diameter of the conduit. Intakes with
multiple passageways require that simultaneous indepen-
dent pressure-time diagrams be taken in each passage-
way of the intake.

4-4.3.2 Leakage Flow. The leakage past the wicket
gates or other closing device used in producing the pres-
sure rise should be measured separately when the wicket
gates or the closing device are in the closed position under

Two methods are acceptable for connecting the pres-
sure taps to the pressure transducer: the manifold method
and the separate transducers method.

In the manifold method, the pressure taps at a section
are connected to a manifold for that section. To ensure that
there is no pressure bias due to flow in the pressure sense
lines between pressure taps, either a triple-tee piping
arrangement or a chamber-type manifold should be
used to combine the pressure sense lines. If a
chamber-type manifold is used, the cross-sectional
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area of the manifold should be at least 10 times the
combined area of the sense lines from the piezometer
taps. This will ensure no significant pressure bias due
to flow within the manifold will exist. The pressure trans-
ducer is connected to the manifolds using tubing which
meets the requirements given above. To the extent prac-
tical, all pressure tap sense lines should be of equal length.

In the separate transducers method, each pair of taps
(corresponding taps from the upstream and downstream

measurement well in advance of the formal testing for
the purpose of verifying that a suitable pressure signal
can be obtained.

4-4.3.6 Differential Pressure Transducer. The
following requirements shall govern the selection and
use of the differential pressure transducer or transducers
used for pressure-time testing:

(a) Theresponse time of the transducer shallbe 0.2 s or

faster

sections) are connected to a separate transducer. The

tubing used must meet the requirements given above,
and, to the extent practical, all pressure tap sense lines
should be of equal length.

For either method, the high side of the differential pres-

sure transducer should be connected to the downstream
taps.

4-4.3.4 Pressure Tap Consistency. Flow conditions in
the conduit shall be such that, at each measurement
section, the difference between the pressure measured
at any ojne tap and the pressure measured at all taps
in the spme measurement section shall not exceed
0.2v*/24. The average of the readings from any pair of
oppositq taps shall not differ from the average of the
other pajr of taps in the same measurement section by
more thgn 0.1v?/2g. This will require consideration of
such itefns as velocity distribution, length of straight
run of cpnduit, and wall conditions at the individual
taps. Compliance with the velocity head criteria shall
be condicted at the maximum expected flow rate.

Pressyre readings shall be checked prior to beginning
the test.|If any pressure tap appears to be in errar, the
source df the error shall be determined and removed.
If this is hot possible, the nonconforming tap and its oppo-
site shall be eliminated from the flow measurement. Not
less thar] one pair of opposite taps shall*be used at each
measurement section.

4-4.3.5 Operating Conditions(The flow rate that is to
be measpired in the conduit shall be set by limiting the
movemgnt of wicket gatesior other closing device in
the openling direction at-the'desired position, preferably
by means of mechanjcalblocks, without restricting the
closing fhinction for_emergencies.

While the gengtdtor remains connected to the system, a

pressure-timétdiagram shall be obtained by closing the
wicket gptes_ or other closing device in one continuous
movem f" vnrnrt’"ng the resultant P]nqngn 1n. pvnccnvn

(b) The full-scale volumetric displacement of the tijans-
ducer shall be no more than 0.082 cm?® (0.005in*).

(c) Thetransducer shall have an uncertainty of no thore
than 0.25% of the expected peak signal;(including the
effects of hysteresis and linearity.

(d) The transducer shall be calibrated prior to and
testing using a manometer, dead weight tester, or an
tronic calibrator. It is recomniended that this calibrg
be performed on-site, usifigithe same wiring and
acquisition system as will-be used during testing. {
agreement of the parties to the test, a lab-certified
tronic calibrator with-an uncertainty of no more than
of the maximumexpected signal may be used.

(e) Most diffefential pressure transducers will exhibit
some charige in calibration if the static or line pressufe of
the meastirement is raised, even if the pressure diffdren-
tialackoss the transducer stays the same. If this static pres-
sureeffect on the transducer will lead to more than 1.2%
uhcertainty between calibration and test conditiong the
transducer shall be calibrated at the average static pres-
sure expected during the tests.

(f) If the effect of a change in ambient temper
between calibration and test conditions will le
more than 0.2% uncertainty in the transducer calibrafion,
the transducer shall be maintained at a temperature ¢lose
enough to the calibration temperature to achievge an
ambient temperature effect of less than 0.2% uncertafinty.
[t is recommended that a temperature-compenspted
differential pressure transducer be used.

(g) Calibration and span adjustment of the differepntial
pressure transducer shall include allowance for neggtive
pressure differentials that will be experienced during a
pressure-time test.

(h) Any signal conditioning or pressure damping
device used in the hydraulic circuit with the differepntial
pressure detector must be applied with caution to enfsure
that the characteristics of the device do not altey the

hfter
blec-
tion
data
pon
blec-
).1%

ture
d to

on the data acquisition system. Other measurements nec-
essary for each test run include fluid temperatures and the
simultaneous recording of wicket gate position.

The digital pressure-time method will normally record
the pressure signal with a sufficiently high frequency
response that excessive pressure noise in the penstock
may make it impossible to accurately integrate the pres-
sure-time diagram. Because of this possibility, it is advan-
tageous to perform a preliminary pressure-time
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method. All signal conditioning, including hardware or
software filtering or smoothing, shall be approved by
all parties to the test.

(i) In the case of an undamped sensing element, the
natural frequency of the transducer shall be at least 10
times greater than the maximum frequency expected
in the pressure signal.

(j) No over-range or under-range of the transducer
shall be present in the integrated portion of the pres-
sure-time signal.
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4-4.3.7 Data Acquisition System. The following re-
quirements shall govern the selection and use of the
data acquisition system used for pressure-time testing:

(a) The differential pressure signal shall be sampled at
a rate of at least 100 samples per second.

(b) The data acquisition system shall have an uncer-
tainty of no more than 0.1% of the maximum value of
the acquired signal.

(c) The timing uncertainty of the samples shall be such

midpoint of the peaks in the static line interval (i.e.,
near the average). A static line length of 10 s to 20 s
will generally be sufficient.

In the case of a long conduit, water hammer or surge
tank oscillations (after-waves) may be present as shown in
Figure 4-4.3.9-2. In this case, the start of the static line
interval should be chosen at the peak of the first after-
wave following full gate closure. The end of the static
line interval should be chosen at the peak of an after-

that[the sample intervals vary by no more than 0.1%. wave for which the amplitude is significantly] smaller
than initial amplitude at the start of the staticlinginterval.
414.3.8 Acquisition of the Pressure-Time Signal (c) Integration Interval Delineation. The startjng point
(d) Data acquisition must commence sufficiently in of the integration interval should be the sanje as the
advdnce of the start of gate closure and continue suffi-  ending point of the running line interval. The ending
cienfly long after completion of gate closure to allowaccu- ~ Point of the integration interval should be the|same as
rate| delineation of the running and static lines. As a  the starting point of the statig line interval.
gen¢ral rule, acquisition of the pressure-time signal The end of the staticlineinterval should be chogen at the
shofild start at least 10 s before the start of gate peak of an after-wave forswhich the amplitude |s signifi-

closyire and should continue for at least 20 s after gate
closjure. Preliminary tests should be performed to
ensyre that these intervals are adequate. These intervals
shoyld be re-evaluated as the testing progresses.

Every differential pressure signal sample value
shal| be stored permanently in its raw form and made
available to all parties to the test.

It is recommended that the wicket gate position'be
ded and displayed with the pressure-time“signal.
will facilitate delineation of the pressure-time

444.3.9 Delineation of the Pressure-Time Diagram.
Twdq examples of typical digital pressure-time signals
are phown. The first (Figure 4¢4.3:9-1) is for the case
in which water hammer or surge tank oscillations are
not present. The second ((Figure 4-4.3.9-2) is for the
case| when such oscillations are present.

(ad) Running-Line Delineation. The starting point on the
running line is chosef10 s to 30 s before gate closure. The
point chosen should have a pressure value close to the
midpoint ofthe peaks in the running line interval (i.e.,
neaif the average).

The ending point on the runningline should have a pres-
surejvalue close to the midpoint of the peaks (i.e., near the

cantly smaller than initial amplitude at the stdrt of the
static line interval, typically 1/10 or less.

4-4.3.10 Integration of Digital Pressure-Timie Signal.
Paragraphs#%4.3.11 and 4-4.3.12 describe the gnalytical
backgrotnd’and implementation for determination of
discharge by numerical integration of a pressT:‘re—time
signalbobtained using digital data acquisition nethods.
A‘more complete derivation of the pressure-tim¢ integral
is given in Nonmandatory Appendix D.

The computer program with all relevant infi
shall be made available for review by the P
the Test. The test report shall include a coq
graphical presentation of the pressure-timd
showing the running, recovery and static lines
start and end points for the integration.

rmation
hrties to
y of the
signals
and the

4-4.3.11 Analytical Description of Numericall
tion. The fundamental pressure-time integral is
tf
8
Q= Q=% [ (h+ b+ m)a

t

Integra-
given by

where

average), and be close (within a pressure wave cycle or
two) to the point at which the wicket gate position signal
shows the start of wicket gate closure.

(b) Static Line Delineation. In the case of a short conduit
for which water hammer or surge tank oscillations are not
present as shown in Figure 4-4.3.9-1, the starting and
ending points on the static line should be chosen at a
point in the trace after complete wicket gate closure in
which no mean pressure oscillations are apparent.
These points should have a pressure value close to the
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j

and, in any set of dimensionally homogenous units:
A; = average internal area between two adjacent
conduit area measurement sections
A(x) = conduit area as a function of distance along the
conduit
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Figure 4-4.3.9-1 Example of Digital Pressure-Time Signal in a Short Conduit
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F = “pipe factor” as defined above 5 (hi = hyp) + kC(Qi2 - szc)
g = local acceleration of gravity ho = hyi + kQ;” — Q|
h = pressure head difference between piezometer Q|Q| - Qf‘Qf‘
tap planes at local conditions
h. = velocity head difference between piezometer and
tap plans 2 2
h; = friction loss between piezometer tap planes k= — (i — hmf) +k(Q; — Qf)
L' = d%stance between plezomgter tap plane.s QlQ, - Qf‘Qf‘
ALj = distance between two adjacent conduit area
B measurement sections : 4-4.3.12 Numerical Integration of Pressure-Time
Qr = low rate after completion of wicket gate closure Intearal. The _ti it b th
(leakage flow) gral. pressure-time integralchased on the
0: = flow rate prior to wicket gate closure (i.e., flow above pressure recovery relationships is given|by:
to be measured) i
t = time Q= & [ 1h®) = ho) = Q- k(I (ON)1e
tr = end of integration interval E t
t; = beginning of integration interval
x = distance along the conduit axis +Qf
Also, the following variables for this analysis are This integral may-be evaluated numerically using a
defihed: trapezoidal orzhigher-order integration fcheme.
h{ = static (final) line average head at local conditions Because th? initial _ﬂ‘_)W rate 0 appears on b th side.s
h{ = running (initial) line average head at local condi- of the equation (explicitly on the left, implicitly ir} the defi-
tions nition of\k; on the right), an iterative solution pfocedure
must be*employed. Numerical evaluation of thi§ integral
When the test segment has a converging cross-section, ~ Proceeds as follows: i
the dynamic head difference between two sections (1 and (a) An estimate for the value of the flow before gate
2) if given by closure Q; is made.
) ) (b) Using the assumed value for Q;, the integral of the
ho= Q< k Qz above equation is evaluated for each point in the pres-
¢ ZgAzz 2gA12 ¢ sure-time data series, until (¢, the final flow| value at
t = ty, is obtained.
The friction head loss between the two piezometer tap (c) 1f]1Q(tg - Q4 < 0.0001Q;, then convergencefhas been
planges is given by h; = -k,Q|Q|, where achieved, and the value of Q; used in the integratjon is the
2 2 flow rate obtained by the pressure-time integfation. If
k= - (h; - hf) + k(QES Qf) convergence is not achieved, these steps are rdpeated.
alol| <q ’Q ‘ Because the integral involves the flow Q(t) quadlratically
17 I~ and on both sides of the equation, a quadratic so}jution for
i the flow Q(t) at each time step is preferable. Ifa converging
By agreement of the Pangies to the Tesjc, a power of less solution cannot be achieved using a quadratic [solution,
than 2 on the flow teiMnay be u-sed n .the pressure- then the value of Q(t) from the previous time $tep may
recgvery law, so lgng-as app.roprllate ad]ustments are be used in the pressure-recovery term in the pres-
madz}elto all subséquent equations in the following para- sure-time integral.
graphs.
If the pressure transducer has an offset defined by h,, = 4-4.3.13 Determination of Leakage Flow. Begause the
h + ho, where pressure-time method only measures that portipn of the
h S~true pressure difference flow that is brought to a halt, any leakage flow|past the
hg = Instrument offset WICReT gates tor oter shutoff devite must be determined
h,, = measured pressure difference separately. The choice of method for determination of

In the pressure-time integral, the true pressure differ-
ence is replaced by the measured pressure difference
corrected for offset h = h,, - hy.

The instrument offset is computed from
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leakage flow is typically highly site specific, thus no
single method can be applied to all situations. Several tech-
niques that have been used in the past are summarized in
paras. 4-3.13.3.1 through 4-3.13.3.4.

Note that the accuracy of the leakage flow measurement
does not need to match that of the pressure-time method.
For example, if leakage flow is estimated to be 1% of the
normal flow, an error of 10% in the leakage flow
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measurementleads only toa 0.1% error in the overall flow
measurement.

4-3.13.3.1 Volumetric Measurement. A typical
implementation of the volumetric method is to close
the head gate and the wicket gates and measure the
rate of drop in water surface level in an intake air
shaft or the penstock. The rate of drop is usually deter-
mined using a pressure transducer connect to a pressure

Many transit-time measurements are required to estab-
lish an average and to minimize the random error for each
run. The fluid velocity is determined by suitable integra-
tion of the individual velocity measurements.

The ultrasonic flow-rate measurement equipment
includes transducers (used alternately as transmitter
or receiver) installed in the measurement section, and
electronic equipment to operate the transducers,
perform the measurements, process the data, and

tap upstreamof the wicket gates such as anethead pres-
sure tap.[This method requires that the head gate be tightly
sealed, which can be difficult to achieve or determine.
of the air shaft or penstock is required.

4-3]13.3.2 Bypass Flow Measurement. This tech-
nique is [applicable when there is a valve with a bypass
line upstiream of the wicket gates. The situation is some-
times encountered in high-head installations or pump-
storage pplants. With the wicket gates closed and the
valve blpass line open, the leakage flow passes
through |the bypass line. The flow in the bypass line is
measurefl, typically with a strap-on time-of-flight acoustic
flowmetér.

4-3.13.3.3 Weir at Draft Tube Drain. If the draft tube
has beenJlunwatered and there is a drain, alow weir can be
construcked around the drain, and the rate of leakage flow
measured from the depth of water over the weir using
standard weir equations.

4-3.13.3.4 Calculation From Wicket Gate Clearance
Measurements. When direct measurement of the leakage
flow is not feasible, leakage flow can be estimated from
wicket gate top, bottom, and vertical clearance measure-
ments. The discharge through the gaps is estimatedfrom
the clearjances and the expected head across the wicket
gates, with discharge coefficients being choesen to match
the gate|clearance geometry.
Other |methods may be used upan agreement of the
parties tp the test.

4-4.3.14 Estimation of Uncertainty. The uncertainty
in flow neasurement using\the Pressure-Time Method
within the specificatiobs-of this Code is estimated to
be within + 1%.

4-4.4 Ultrasonic/Transit Time Method

4-4.411 General. Ultrasonic transit time (UTT) is a
method bf flow-rate measurement is based on the prin-

display and/or record the results. The equipment
should also include a verification program to)enfure
that it is functioning properly.

Several methods of ultrasonic flow measurement g
but not all have demonstrated that they.are capab
achieving the accuracy required for. field perform
tests. Methods acceptable to this‘€ode are basefl on
the measurement of the transit time of ultraspnic
pulses in each of two crossed measurement plgnes,
although in some casesCoiie plane may be used [(see
Figure 4-4.4.1-2). Excluded from this Code are deyices
based on the measurement of the refraction of an ultra-
sonic beam by fluid velocity, and devices that measurg the
Doppler frequéncy shift of an ultrasonic wave reflectdd by
the flowing.water or by moving particles. In this Codd, the
applicatioh, of the ultrasonic method is limited to clpsed
conduits*of uniform cross section, either circulqr or
rectangular.

Xist,
e of
hnce

4-4.4.2 Circular Conduits. In circular conduits| the
application of ultrasonic methods using two planes
with four chordal paths each has been demonstrpted
to measure the flow rate with an accuracy acceptable
under this Code (see Figure 4-4.4.1-2). Two planeg are
used to reduce the systematic uncertainty due to tifans-
verse flow components. The arrangement and locati¢n of
these chords shall permit the use of recognized numejrical
integration methods as shown in Table 4-4.4.2-1.

4-4.4.3 Rectangular Conduits. Similarly, the use df the
above-described methods in conduits of rectangular dross
sections are expected to provide flow-rate measurenients
of acceptable accuracy, provided the paths are locatdd so
that recognized numerical integration methods maly be
applied (see Figure 4-4.4.3-1). In, values for the locgtion
of the paths for two recognized numerical integrdtion
methods are shown.

4-4.4.4 Distortions of Velocity Profile. A systematic

ciple that the ultrasonic pulse transit times along chordal
paths are altered by the fluid velocity. An ultrasonic pulse
sent upstream travels at a slower speed than an ultrasonic
pulse sent downstream (see Figure 4-4.4.1-1). By
measuring separately the transit times of pulses sent
in the two directions, the average velocity of the fluid
crossing the path of the pulse is determined vectorially.
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error due to transducer protrusion into the flow is intro-
duced and shall be considered in an uncertainty analysis.
The uncertainty depends on the Reynolds number and the
shape of the transducer mount (projecting or recessed)
and two other notable effects as follows:

(a) thelocal distortion of the velocity profile, along the
chordal path, as it is disturbed by flow over the protruding
transducer assembly
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Figure 4-4.4.1-1 Ultrasonic Method: Diagram to Illustrate Principle

’ Flow

/
C
|~

Legénd:
distance across the conduit from wall to wall across chordal paths

L,- = distance in the fluid along chordal path between transducers
= angle between acoustic path and the direction of water flow

Figure 4-4.4.1-2 Ultrasonic Method: Typical Arrangement of Transducers for an Eight-Path Flowmeter in a Circular
Conduit
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Table 4-4.4.2-1 Integration Parameters for Ultrasonic Method: Four Paths in One Plane or Eight Paths in Two Planes

Gauss-Legendre Method

Gauss-Jacobi Method

Chordal Path, i Weight, w; Position, d; Chordal Path, i Weight, w; Position, d;
1 0.347855 0.86114 1 0.369316 0.809017
2 0.652145 0.33998 2 0.597566 0.309017
3 0.652145 -0.33998 3 0.597566 -0.309017
4 0.347855 -0.86114 4 0.369316 -0.809017
Section Shape Shape Factor k Section Shape Shape Factor k
Cjrcular 0.994 Circular 1.000
Recfangular 1.000 Rectangular 1.034
Ghuss-Legendre Positions With OWIRS Weights Gauss-Jacobi Positions With OWICS Weights
Chordal Path, i Weight, w; Position, d; Chordal Path, i Weight, w; Position, ¢;
1 0.336984 0.86114 1 0.365222 0.809017
2 0.655527 0.33998 2 0.598640 0.309017
3 0.655527 -0.33998 3 0.598640 -0.30901FY
4 0.336984 -0.86114 4 0.365222 -0.80901Y
Sectipn Shape Shape Factor k Section Shape Shape ‘Factor k
Recfangular 1.000 Circular 1.000

GENERAL NOTE: For the parameters in this table, the weight, w;, is applied to the ith path at the pesition d that corresponds to the ratio
chord elevjation to the radii of height of the water passage channel (D/2).

f the
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Figure 4-4.4.3-1 Ultrasonic Method: Typical Arrangement of Transducers
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Figure 4-4.4.4-1 Distortion of the Velocity Profile Caused by Protruding Transducers

¢ Conduit

Acoustic
signal

Lower velocity
distortion

Depth of prottusion

_

(b) infomplete sampling of the velocity along the chord
that aris¢s from the transducer not being flush mounted.in
the conduit (see Figure 4-4.4.4-1)

These [effects [(a) and (b)] tend to be in opposite direc-
tions (undersampling of the velocity profile overestimates
flow and|velocity-path disturbance creates alow bias) but
do not typically cancel completely. Combined bias errors
have beepn estimated to undervalue the flow rate by 0.35%
for 1 m path lengths to 0.05% fot 5 m path lengths. The
systematic error for any installation is highly dependent
on the tfansducer design and,may vary from the above
values. When the ratio ofthé'protrusion of the transducer
to the path length exceeds 0.25%, then validated CFD
analysis pr hydrauliclaboratory testing of the transducer
must be performed.Correction factors and the associated
uncertaifty, including the shape and design of the trans-
ducer, shallsbe documented.

O

)

smaller conduit diameters), the piping should be plhced
further downstream. In the case of a pump-turbine} the
circumferential conduit run shall be placed a mininum
of two conduit diameters from the center of the nfeter
transducer section.

4-4.4.5 Theory and Operating Principles. Since flow-
meters used in the ultrasonic method measure only transit
times of pulses between transducers, it is necessary|that
the flowmeter system utilize appropriate methods|and
techniques to minimize errors due to

(a) timing delays in cables

(b) timing errors due to cables of unequal length

(c) internal timing delays

(d) timing errors due to signal processing

(e) delays in the nonwater portion of the acoustic
(transducer material and face or window)

The above delays in the electronic circuitry and cdbles

path

Other faetorsrinetuding-mountingappatratus,may-atter
the flow streamlines in the vicinity of the meter section.
Experience has shown that piping for signal cables
attached to the conduit along the circumference of the
conduit alters the flow streamlines when placed either
upstream or downstream of the internally mounted trans-
ducers. Circumferential runs of such piping shall be placed
a minimum of one conduit diameter downstream of the
meter section when the ratio of the conduitdiameter to the
piping diameter is 50 to 1. When smaller ratios exist (i.e.,
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and the times for the ultrasonic pulse to traverse any
nonwater parts of the ultrasonic path, shall be determined
and taken into account.

If the requirements for ultrasonic flow-rate measure-
ment equipment in para. 4-4.4.1 are fulfilled, then by
measuring the transit time of an ultrasonic pulse along
a given path in both the upstream and downstream direc-
tions, the flow measurement will be independent of the
water’s composition, pressure, and temperature.
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To measure transit time along a given path, the trans-
ducers are arranged so that pulses are transmitted
upstream and downstream at an angle relative to the
axis of the pipe (see Figure 4-4.4.1-2). Angles from 45
degto 65 deg have been shown to be satisfactory for ultra-
sonic flow-rate measurement methods.

If there are no transverse flow components in the
conduit, and if the time delays referred to in (a)
through (e) are taken into account, the transit time of

V=—YV(tan®D) +

L (L_1
2cos@\ty t,

With two measurement planes as in para. 4-4.4.2, the
velocities are averaged, and the errors due to transverse
flow are eliminated because the term (-YV, tan @) cancels.

The flow rate, Q, can be obtained from the general
equation

an ultrasonic pulse is given by
L
¢+ EV cos @

whefe

c| = speed of sound in the water at the operating condi-
tion, m/s (ft/sec)

El = +1 for signals traveling downstream

= -1 for signals traveling upstream

L| = distance in the water along chordal path between
the transducer faces, m (ft)

V| = mean axial component of the flow velocity over
distance, L, m/s (ft/sec)

@[ = angle between the longitudinal axis of the conduit
and the measurement planes, deg

Sipce the transducers are generally used both as trans-
mittprs and receivers, the difference in transit time may be
determined with the same pair of transducers. Thus, the
meah axial velocity crossing the path is given by

L 1 1
V= - - =
2cos@\ty t,
whefe t; and t, are the transit times of an ultrasonic pulse
dowpnstream and upstream, respectively.
If|there are transverse flow compoilents, then
L

¢ + E(V cos'®@H YV, sin @)

whefe

V{ = transverse eomponent of the flow velocity having
a component parallel to the acoustic path and
averaged.over the distance, L

Y = factor’equalto +1 or -1 depending upon the direc-
tion® of the transverse component of the flow
pdrallel to the chordal path, and depending

| &

n
D, WVL,; sin @
i=1

Q:

D = dimension of the conduit parallel to thefintersec-
tion of the two measurement planes, as phown in
Figures 4-4.4.1-2 and 4-4.4.3-1

k = numerical integration correction colefficient
(shape factor).that’accounts for the ertor intro-
duced by the-integration technique chosen for
the shape ‘of"the conduit

L,; = distanceyacross the conduit (wall to wall) along
the<chordal path, i, m (ft)

n = number of chordal paths

V; .= ‘average velocity along path, i, as calculdted from
measured transit times, m/s (ft/sec)

W; = weighting coefficients depending on thg¢ number
of paths and the integration techniqudg used

In a rectangular conduit of uniform cross-section, (L,;
sin ¢) is equal to the width, B, of the measuremerjt section
(see Figure 4-4.4.3-1).

The inherent difficulty of some integration tefhniques
to integrate over sections of different configuration
requires a shape factor, k, to be used. See Table 4-4.4.2-1.

NOTE: Table 4-4.4.2-1 provides weighting coeffidients, w;;
chordal path positions, d;; and k factors for fourn acoustic
paths in one plane.

two planes are used, the intersection of the two fneasure-
ment planes shall be in the plane of the bend to jninimize
the effects of the transverse flow components on the accu-
racy of the measurement. Individual measurements of
velocity shall be made for each path in order o obtain
an indication of any distortion in the velocity profile
and the magnitude of any transverse flow comjponents.
When one plane is used, it shall be oriented in the

The velocity profile may be distorted by a beE. When

U}JUII t‘llC Ul ;Cutatiuu Uf t‘llC L}lUl da} pat‘u (i.C.,
path in Plane A or Plane B in Figure 4-4.4.1-2).
For a given transverse flow component, ¥ = +1
for a chordal path in Plane A, and #1 for a
chordal path in plane B.

The average axial velocity crossing a path is given by

same manner as described above for two planes.

4-4.4.6 Turbine-Mode Tests. For turbine-mode tests
using four paths in each of two planes, there shall be a
straight length of at least 10 conduit diameters
between the measurement section and any major
upstream irregularity. However, experience has shown
that the accuracy stated in para. 7-3.7 can be obtained
with four paths in each of two planes as close as five
diameters downstream of smooth elbows not exceeding
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55-deg turning angle, and with a ratio of elbow radius to
conduit diameter of at least three.

There shall be a straight length of at least three conduit
diameters between the measurement section and any
important downstream irregularity.

When the above conditions cannot be met, more
acoustic paths are required to achieve the accuracy
required in this Code. Figures 4-4.4.6-1 and 4-4.4.6-2
and Table 4-4.4.6-1 may be used when piping configura-

4-4.4.10 Integration Methods. The Gauss-Legendre
and the Gauss-Jacobi quadrature methods for integration
of the path averaged flow velocities meet the require-
ments of this Code, with the Gauss-Legendre method ap-
plicable to rectangular cross-sections and the Gauss-
Jacobi method applicable to circular cross-sections. Use
of weights based on either a uniform or logarithmic velo-
city profile (the latter technique based on a logarithmic
velocity profile commonly referred to as the optimally

tions do ot permit sufficient upstream and downstream
conditiops. The degree of perturbation on velocity distri-
bution islhighly dependent on the severity and proximity
of upstrgam piping changes. It is very difficult to predict
the influpnce of valves, bifurcations, elbows of differing
angle, and/or manifolds upstream of the acoustic
meter :ld the velocity distribution. If significant swirl
or nonayial flow components arising from the upstream
conditiohs exist, then 18 acoustic paths in two planes
should be used.

4-4.417 Pump-Mode Tests. In the pump mode, the
dischargp velocity profile is not axisymmetric when the
measurgment section is close to the pump discharge.
The veldcity profile becomes more symmetric as the
measurejment section is located away from the runner.
There can also be rotational-flow components in the
pump difcharge. These effects are canceled by measure-
ment using a flow meter with two crossing planes.

Generplly, when a distance of 10 or more conduit
diameteqs between the pump discharge and measurement
section i not practical, then nine acoustic paths in each of
two planjes should be used for flow-rate measurement.

4-4.4.8 Factors That May Cause Asymmetry-of the
Velocity|Profile. Although the use of two planes-compen-
sates fof most transverse velocity components, the
measurement section shall be chosen¢as, far as possible
from any disturbances that could ¢ause asymmetry of
the velgcity profile, or swirl. Upstream factors that
may profluce transverse velocity)components or distor-
e velocity profile include

(a) intake shape

(b) type and number ‘of bends

(c) chpnges in conduit diameter

(d) placementiof valves, taps, and bifurcations

(e) pump-tiirbines operating in pumping mode

When [the above conditions cannot be achieved, more
acoustic baths-orother fnr]«niqnnc’ such-as mnAnling’ may

weighted integration method for rectangular sectlions
(OWIRS) and the optimally weighted intégraftion
method for circular sections (OWICS)) meet/theregpire-
ments of this Code. At least four chordalhpaths in pach
plane shall be used for a determination of flow fate.
For a four-path arrangement, the location of the paths
and weighting coefficients for the Gauss-Legendre|and
Jacobi-Gauss quadrature integration methods aie as
shown in Table 4-4.4.2-1.\When conditions do[ not
permit sufficient straightdength of conduit as descifibed
in para. 4-4.4.6, up to 18 acoustic paths in a cross glane
arrangement can be-used, using the path locations|and
weights shown ifn/Table 4-4.4.6-1.

When the Gauss-Jacobi method is applied to a cirqular
section with the paths located at the specified disthnce
from the center, the general formula is often usgd in
the simpler form

D? ¢
Q=72W'i‘/§
1
where
, L,;sin®
Wi=W D

For four paths
Wll = W,4 = 0.217079
W', = W5 = 0.568320

and for nine paths
W'y = W = 0.0300
W'y = W = 0.10854
W's = W7 = 0.20562
W,4_ = W,(, = 0.28416
W's = 0.31416

L,,;sin @ = D sin a; where «; defines the angular loc3tion

be required to achieve the uncertainty limits of this Code.
When such conditions exist, the flowmeter manufacturer
shall propose, and all parties shall agree on, an appro-
priate configuration or correction.

4-4.4.9 Using18 AcousticPaths. Figures 4-4.4.6-1 and
4-4.4.6-2 and Table 4-4.4.6-1 illustrate application of the
ultrasonic method using two crossed planes of nine paths
each.

£ ) ] A ] FIBR | 1. . 1 doa ol D 3
Ul Palll TIIUS TTIAUVE LU LT Ul TLLUIT dIUllg VWIIICIT 1S

measured (see Figure 4-4.4.1-2).

4-4.4.11 Transducer Installation. Transducer posi-
tions and conduit dimensions shall be accurately
measured in the field. The uncertainties in the measure-
ments shall be accounted for in the analysis in
para. 4-4.4.15. Installation of transducers and measure-
ment of as-built pipe dimensions and transducer locations
shall be done according to manufacturer-approved
methods. Installation personnel shall be experienced
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Figure 4-4.4.6-1 Ultrasonic Method: Typical Arrangement of Transducers for an 18-Path Flowmeter in a Circular
Conduit
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Figure 4-4.4.6-2 Ultrasonic Method: Typical Arrangement of Transducers for an 18-Path Flowmeter in a Rectangular
Conduit
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Table 4-4.4.6-1 Integration Parameters for Ultrasonic Method: Nine Paths in One Plane or 18 Paths in Two Planes

Gauss-Legendre Method

Gauss-Jacobi Method

Chordal Path, i Weight, w; Position, d; Chordal Path, i Weight, w; Position, d;
1 0.081274 0.968160 1 0.097081 0.951057
2 0.180648 0.836031 2 0.184658 0.809017
3 0.260611 0.613371 3 0.254160 0.587785
4 0.312347 0.324253 4 0.298783 0.309017
5 0.330239 0 5 0.314159 0.000000
6 0.312347 -0.324253 6 0.298783 -0.3p9017
7 0.260611 -0.613371 7 0.254160 -0:587785
8 0.180648 -0.836031 8 0.184658 -0.899017
9 0.081274 -0.968160 9 0.097081 -0.951057
Bection Shape Shape Factor k Section Shape Shape Factor k
Circular 0.9994 Circular 1.000,
Rectangular 1.000 Rectangular 1.0083
Gauss-Legendre Positions With OWIRS Weights Gauss-Jacobi Positions’With OWICS Weights
Chordal Path, i Weight, w; Position, d; Chordal Path, i Weight, w; Positiion, d;
1 0.078403 0.968160 1 0.095849 0.951057
2 0.182700 0.836031 2 0.185362 0.84J9017
3 0.258953 0.613371 3 0.253670 0.547785
4 0.313833 0.324253 4 0.299176 0.3709017
5 0.328802 0 5 0.313796 0.0Jo000
6 0.313833 -0.324253 6 0.299176 -0.3p9017
7 0.258953 -0.613371 7 0.253670 -0.587785
8 0.182700 -0.836031 8 0.185362 -0.809017
9 0.078403 -0.968160 9 0.095849 -0.951057
Bection Shape Shape Factor k Section Shape Shape Factor k
Rectangular 1.000 Circular 1.000
GENBRAL NOTE: For the parameters in this table, the weight, w;, is applied to the ith path at the position d that corresponds to the Jatio of the

chor

elevation to the radii of height of the water-passage channel (D/2).
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Figure 4-4.4.11-1 Locations for Measurements of D

Planes

with, or @inder the direct supervision of personnel experi-
enced wilth, the installation of multiple parallel-path ultra-
sonic flpw-measurement systems in hydroelectric
applicatipns.

Specigl care shall be taken when measuring large
conduitp that may not have perfectly symmetrical
shapes. 4 representative average diameter shall be deter-
mined in] the measurement section, perpendicular to ‘the
directign of the measurement paths as shown in
Figure 4t4.4.11-1. At least five equally spaced-diameter
measur¢ments shall be taken including, onée at the
center df the measurement section and\one at each
end (seq Figure 4-4.4.11-1). These méasurements shall
be avergged to be representative of the dimension, D.
A sufficlent number of other nieasurements shall be
taken tq determine the shape of the conduit for the
purpose|of determining the effect of the conduit shape
on the npumerical integration correction coefficient, k.

Accurpte measurements of the dimension, D; the
chordal path lengths)L; between transducer faces; path
lengths, |L,,, betwéen the wall of the conduit along the
chordal ppathsiithe location of the acoustic paths; and
their angles relative to the center of the conduit are to
be used

Section

4-4.4.13. Checks of Equipment. Provision in the dgsign
and constsiiction of the flow meter shall be mad¢ for
checking that the equipment is operating correftly.
This(shall permit such checks as

(a) showing pulses and their detection on an os
scope

(b) internal electronic tests of the program, variaples,
and constants necessary to evaluate the proper calculgtion
of velocities and flow from measured travel times

(c) comparison of calculated values of the sped
sound using the measured chordal path transit t
and path lengths with published values as a functid
water temperature and pressure

(d) measurement of the average velocity along
path

It is desirable to measure the ultrasonic pulse tr
times independently and compare them with the re
given by the measurement system.

illo-

d of
mes
n of

bach

Ainsit
sults

4-4.4.14 Disruption of the Ultrasonic Flow Meagure-
ment. Bubbles, sediment, and acoustic noise may digrupt
the operation of the ultrasonic flow measurement sy$tem
and should be avoided. If the disruption results in missed
samples, enough valid samples shall be obtained tp be

Errors in transducer locations shall be incorporated in
the uncertainty analysis.

4-4.4.12 Differential Travel Times. The product of v
and D shall be large enough to permit an accurate deter-
mination of the difference in pulse transit times, taking
into account the accuracy of the timer. Measurements
with flow velocities that produce low differential travel
times shall be measured with electronics that have
timing resolution better than 1 in 10 000.
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compatible with the assumptions used in the error
analysis. The design of the data acquisition and data
processing system shall provide for the checking of the
proportion of lost pulses. The design and construction
of the flow meter shall include

(a) signal recognition and amplification capability

(b) signal quality analysis and reporting or display
capability

(c) signal timing and rejection capability

(d) appropriate signal and mathematical filtering
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(e) timing circuitry self-test routines

(f) internal electronic tests of the program and
constants

(g) comparison of calculated values of the speed of

path

The mass balance equation for the dye injected into the
flow is

9C + QCo= (9 + Q)C,

sound using the measured chordal path transit times where
and path lengths with published values corrected for Co = background concentration of dye in flow
water temperature C1 = concentration of injected dye
(h) measurement of the average velocity along each C, = concentration of diluted dye in flow
Q = flow rate to be determined
444.4.15 Uncertainty. Both random uncertainties and q = dye injection rate

systématic uncertainties shall be taken into account. For a
detafiled analysis, see Section 7. The following sources of
uncgrtainty have been identified:
(a) measurement of path lengths, L; and L,,;
(h) measurement of chordal path angles
(c) measurement of path spacing and conformity with
the positions prescribed
(d) measurement of D
(e] time measurement and time resolution
(f] nonwater path time estimation
(g) internal computational precision
(h) error due to flow distortion around the transducers
(i] error due to change in dimensions when the conduit
is pressurized or undergoes a thermal expansion or
conffraction
(j] existence of transverse flow components
(k) flow profile distortions
(1] spatial variations of speed of sound
(m) spatial variation of flow velocity along the condit
() fluctuations of flow velocity and speed of sound
P3ragraphs (a) through (i) are usually calculated and
compined into an instrument systematic, evror. The
systgmatic error for (j) through (m) shall be estimated
and [combined with the instrument systematic error in
a ropt-sum-square relationship toSproduce an overall
systématic error. Paragraph (n) is-associated with fluctua-
tion$ and random uncertainty.
The uncertainty in flow measurement using the ultra-
sonifF method within thespeeifications of this Code is esti-
mat¢d to be within £1%.

4-4]5 Dye Dilution Method

Noting that C; is much greater than(Gy-(usuplly by a
factor of 107), this equation can be rearranged|to yield
Q=q——2Cx

=q
(C2=Co)
bn of the

concen-
e deter-

It is not practical to medsure the concentrati
injected dye C; directly due to its extremely hig}
tration. A measureof-this concentration can K
mined by precisely diluting a sample of the|injected
dye using distilled water until it is in the range of the
test sampleto produce a standard to whlich test
samples‘willbe compared. The injected dye conc¢ntration
is then.given by

C1=D5XC5

where
Cs; = concentration of the standard (i.e., the
diluted injection dye)
Dy = dilution factor of the standard

brecisely

The flow equation can now be written

Q=4D S
q SCZ_CO

Because the fluorescence of a sample is directly propor-
tional to the dye concentration, the flow to be determined
is given by

Q=qn
=19 SE

where

1¢°)

444.5.1 Pcinciples of the Method. The dye dilution .
method involves injecting a dye at a known constant Fs = fluorescence readmgs of the standard
rate|into the flow to be measured. The concentration F. = fluorescence readings of the test sampl
of the_dye in the flow is measured at a point sufficiently

downstream of the injection point for complete mixing to
have occurred. The flow rate is proportional to the dilution
undergone by the dye. The recommended dye for this
method is the fluorescent dye Rhodamine WT. This
dye is detectable and stable in very low concentrations,
nontoxic, resistant to adsorption, readily soluble, not
usually present in natural water systems, and its fluores-
cence is proportional to its concentration in water, which
can be accurately measured with a fluorometer.
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Determination of the exact concentrations of injection
solution and samples are not necessary since the flow is
proportionate to the dilution ratio.

Figure 4-4.5.1-1 shows a schematic representation of
the dye dilution technique.

4-4.5.2 Five Steps. There are five steps in executing the
dye dilution method, presented as follows:

(a) selecting the injection and sampling points

(b) preparing the dye injection solution and standards
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Figure 4-4.5.2.1-1 Experimental Results: Allowable Variation in Tracer Concentration
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GENHRAL NOTE: This material is reproduced from ISO 2975-1:1974 with permission of the American National Standards Institutg (ANSI) on
behalf of the International Organization for Standardization (ISG)3No part of this material may be copied or reproduced in any form] electronic
retrigval system or otherwise, or made available on the Internet) a public network, by satellite, or otherwise without the prior written|consent of
ANSI| Copies of this standard may be purchased from the ANSI, 25 West 43™ Street, New York, NY 10036, http://webstore.ansilorg.
(c) injecting and measuring the injection rate of the dye flow stream; or turbulence generators located down-
(d) collecting samples of diluted dye stream of the injection point.
(e) analyzing the concentration of the diluted dye In the case of the pumping mode of pump-turbines, a
samples and calculating the flow convenient injection point is into the draft tulje, either
. S . through the draft-tube access door or a manifold
4-4.5.2.1 Selecting the Injection and Sampling rous . .
within the tailrace water passage. The flow|into the

ints. The injection'system must be designed to

points. Mixing is aided by bends and obstructions in
the flow stream. For a single-point wall tap injection,
up to 200 diameters of straight conduit may be required.
See Figure 4-4.5.2.1-1 for additional guidance.

Where the conduit is not long enough to provide thor-
ough mixing for a single injection point, mixing can be
improved by using a multi-orifice injection manifold;
high-velocity injection normal or backwards into the
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pump casing also provides additional mixing.

Injecting outside of the water passages qr water
conduits directly connected to the machine, e.g. ypstream
from a machine intake or downstream from a|machine
discharge, is not permitted due to possible recifculation
and consequential loss of dye.

concentrated dye can leave the main flow prior to the dye
being fully mixed. The entire injection system should be
protected from sunlight as much as possible.

4-4.5.2.2 Preparing the Injection Solution and Stan-
dards. Rhodamine WT is usually supplied in concentrated
form, requiring some predilution before injection.
Although any concentration of injection dye may be
used, in practice the strength of the injection mixture


https://asmenormdoc.com/api2/?name=ASME PTC 18 2020.pdf

ASME PTC 18-2020

and the rate of injection are selected to achieve between 5
ppb and 10 ppb in the test sample, providing the optimum
concentration for Rhodamine WT for detection by the fluo-
rometer, while at the same time staying below the limit
typically permitted in the environment (check with regu-
lating authority). The injection solution should be
prepared using water from the system under test. It is
critical that this water be collected in a manner that
avoids any possible contamination (collect prior to

peristaltic, or piston pump, driven by a synchronous
motor to ensure constant speed. A variable rate pump
is useful to allow proportioning of the injection rate
with the flow rate to be measured.

Injection rates of dye are typically on the order of 1 mL/s
to 10 mL/s to minimize the volume of dye required when
many injections are made during a test series. If the
distance between the pump and the injection point is
large, resulting in a long transit time, the dye may be

start of fest). This ensures that any background fluores-
cence or|other influence affects the standard and the test
sample equally. Tap water containing chlorine should not
be used because chlorine reduces the fluorescence of the
dye. If the system water is turbid, the suspended sediment
should b allowed to settle, and the clear water should be
decanted and used for the injection solution. Sufficient
solution|should be prepared to supply a full series of
tests, annd the solution should be stored in a clean,
inert, ngnadsorptive, light-proof, sealable container. It
is advisaple to prepare the injection solution in a separate
containef from the supply container.

Care must be taken to ensure that the injection mixture
is fully homogeneous. This can be obtained by vigorous
mixing with a mechanical stirrer or a closed circuit pump.
The mixfure must be stirred frequently and thoroughly
prior to fach injection.

Figure 4-4.5.1-1 shows a typical arrangement of stan-
dard preparation. The standards are prepared to be near
the expefted final mixed dilution of 5 ppb to 10 ppb. At
least tw¢ separate sets of standard solutions should be
prepared and compared to the test sample for analysis:

The dijuted dye concentration and dilution factor have a
linear re]ationship. However, when a large rangeof flow
rates is fo be measured, the use of a constant-injection
mixture |and the use of sets of standards.ptepared to
match thle expected test sample concentration are recom-
mended.

The standards should be prepdred in an environment
conduciye to precise measurement of dye and water quan-
tities and the avoidance of ¢contamination. The standards

must be prepared with the'same injection solution used in
the test funs.
The tafget dilutionfactor is Dg = Q/q. Because this value

is typically on théorder of 107, standards are prepared by
serial dilpition,in'which successive solutions are diluted in
turn until the-required overall dilution factor is obtained.

The dl utionscanbenerformedaravimetricallz orvolu
r (=] J

injected into a secondary flow that transports the| dye
to the injection point in the main flow. The tfansport
water flow rate must be relatively constant. Jt\isnotfnec-
essary to know the flow rate of the transport water
because that water is added to the system and mpkes
up part of the total volume being measured.

The duration of injection must be leng enough so that a
steady concentration of at least several minutes durgtion
is established at the sampling‘¢ross-section. A suifable
injection duration is deteérmined by trial injections.

The injection rate, must be measured by a prirphary
method, either volumetric or gravimetric. The volumgtric
method would bé/by timing the filling or emptying|of a
volumetric flask,) The gravimetric method would be by
timing the.weight change due to filling or emptyigg of
a container: Because the dye dilution method is yjolu-
metrig, the gravimetric method must also take [into
account the specific weight of the dye during the calfbra-
tion. The calibration must be conducted using a|dye
mixture at the same concentration used during the|test
injections. When a precision pump is used, calibrgtion
before and after the test is acceptable. Otherwise| the
injection rate must be calibrated for each test run.|The
calibration must provide an uncertainty in injedtion
rate no greater than 0.25%, including the uncertdinty
of the volumetric flask or weigh scales and the tigning
device.

The injected dye delivery system should shield thg
from exposure to direct sunlight.

4-4.5.2.4 CollectingSamples of the Diluted Dye
sampling point must be located far enough downstr
from the injection location to ensure that both spatia
temporal variations in dye concentration are less tha
equal to 0.5%. This must be confirmed by analysis of]
liminary trial runs at least at maximum and minimunj
flow rates before the official tests proceed.
The sampling system should shield the colle

dye

The
eam
and
nor
pre-
test

cted

metrically. It is essential that no contamination from a
higher concentration solution enters a lower concentra-
tion solution, and accurate measurement in each step
must be made. Rigid adherence to sound laboratory prac-
tice must be followed.

4-4.5.2.3 Injecting and Measuring the Injection Rate
of the Dye. The dye mustbe injected at a constant rate with
minimum pulsations. This may be accomplished by usinga
precision positive displacement pump, such as a gear,
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samples from exposure to direct sunlight.

The spatial variation of dye concentration across the
conduit at the sampling cross-section is determined by
taking samples from at least four points, using either a
probe sampling across the conduit diameter or radial
taps on the conduit wall. The variation among the
samples must meet the following criterion:
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(i)tn_il(s) < 0 5%
X) vai T

analysis is necessary. Where the sampling site is not
suitable for analysis procedures, the samples can be trans-
ported to another location.

where A procedure for a flow-through analysis by Method B is
n = number of samples presented in para. 4-4.5.2.5.2.
S = standard deviation of fluorescence of n samples . .
t,-1 = Student’s t coefficient for 95% confidence . 4-4.5.2.5 Analyzing the ConFentratlon of the
X = mean fluorescence of n samples Diluted Dye Samples and Calculating the Flow. The
flow is calculated using the equation given in para.
If fhiSCriterion IS TOt Met, IMprovements must be made 4451 as-follows:
to ipcrease the mixing process, by means such as K
: . o ) . Q=qxDx ()
incrgasing the mixing length, increasing the number of E

injeqtion points, adding turbulence generators, or using
hight-velocity injection.

When it is confirmed that the spatial variation is satis-
factpry, the individual sampling points may be joined
togdther in a manifold. Equal flow from each point
musf be ensured.

The temporal variation of dye concentration at the
sampling location is measured by analysis of repeated
samfple fluorescence data taken while monitoring
duripg the sampling period. The variation of the fluores-
cende must meet the following criterion:

t,_1(S
(é)i” 1(5) < 0.5%
X Jn
whefe
n = number of recorded fluorescent values
S = standard deviation of recorded fluorescence
values

t,l1 = Student’s t coefficient for 95% confidence

X = mean of recorded fluorescent values
If this criterion is not met, the duration of the sampling

peripd or the mixing in the conduitemust be increased.

During the sampling process it is necessary to monitor
the fincrease in concentration.as the dye passes the
sampling point. This gives diréct confirmation that the
dye|concentration has fully developed and is stable
prigr to and during’sample collection. Figure
4-4.%5.2.4-1 shows a’typical chart trace.

A rontinuous sample of water from the sample point (at
leas§ 4 L/min) isbled from the system and passed through
amdnitoring fldorometer and then to a drain downstream

sam

hdent on
n:

The fluorescence of Rhodamine WFis depe
temperature according to the following equatid

0026(T,—T,.)

E=E,X¢
where
F. = corrected fluorescence atreference temperature,
T, (°C)
F,, = measured fluorescence at sample temperature,
T€)

NOTE:Ah exponent value of 0.026 may be used as an ipitial trial
value, However, it is recommended that the value for feach fluo-
ronleter be experimentally determined.

The temperature of the test sample and the gtandard
solution should be within 0.2°C of the same temjperature
when each is analyzed. If it is not possible to gchieve a
temperature difference within 0.2°C, the fluofescence
of the samples must be corrected to the same temperature
before comparison.

Analysis of the sample may be performed in
two ways as noted in paras. 4-4.5.2.5.1 and 4-4

4-4.5.2.5.1 Analysis Method A. The fluorgmeter is
equipped with a special glass cuvette into which the
sample is placed for analysis. Sufficient sample should
be collected to allow at least six fillings of th¢ cuvette
plus a backup set. The test sample bottles and sfandards
bottles should be placed in a circulating watef bath to
equalize temperature to within 0.2°C, and th¢ bottles
should remain there throughout the analysis pijocedure.
The temperature monitoring should be conducted in

either of
.5.2.5.2.

fromp the sample point. As the injected dye passes the bottles containing dummy samples collected from the
bling point, the fluorescence is monitored by chart flow stream at the same time as the samples.
derordataacquisSItion SySTent. WITeT tie dye COncen- The fluorescence of the test sample and the standard

reco
tration is steady, a sample is directed to a collecting bottle
for later analysis. Sample bottles should be laboratory
quality, clean, and opaque to light. For analysis by
Method A described in para. 4-4.5.2.5.1, at least 1 L of
sample should be collected. The bottles should be
stored away from light until the analysis is conducted.
The sample should be collected throughout the steady
period of the dye concentration. Sufficient sample volume
should be collected to allow for spare samples, if repeat
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solution is measured by inserting a cuvette of each, in turn,
into the fluorometer and recording the value. The period
of time the samples and standards remain in the cuvette of
the fluorometer for analysis must be consistent since the
bright light of the fluorometer heats up the sample. This
should be repeated at least six times and an average value
should be obtained. Further repetition of analysis reduces
the uncertainty in the estimate of the true dye
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Figure 4-4.5.2.4-1 Typical Chart Recording During Sampling
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concentrjation. Six repetitions usually provide sufficient
accuracy|jwithoutunduly lengthening the analysis process.

444.5.2.5.2 Analysis Method B. The fluorometer is
equippefl with a flow-through measuring cell, and the
sample |s circulated through the cell from either the
sample bottle or directly from the system under test
As the sa:Fple passes through the measuring cell, itsfluot-

escence fand temperature are automatically meadsured,
and the fluorescence level is adjusted to a predetermined
referencg temperature. This data is then transmitted to a
data logger. The circulation loop must-be*flushed thor-
oughly wWith the sample before beginning’the data collec-
tion. Approximately one-third of-the“sample should be
used for] flushing. The sample~should be measured at
leastevely 5 s fora duration af atleast 1 min. The tempera-
ture shopld be measuredswithin +0.1°C.

The standard solutions-are analyzed using the same
proceduEe, adjusting.their measured fluorescence to
the samg referefice temperature as the test sample.
The starldard.soliitions must be analyzed immediately
before of afterthe test sample.

The advantage of this method is that analysis is rapid,

(b) hompogeneity of the injection mixture
(c) completeness of mixing at the sampling locatjion
(d).~accuracy of measurement of sample and stanflard
fluorescence
(e) fluorescence temperature correction of samplg and
standard
(f) accuracy ofthe weight and volume measuremenjts in
the preparation of the standards

4-4.5.4 Uncertainty. The uncertainty in each of the
above parameters should be evaluated for contributions
from systematic and random sources. The recommended
maximum combined uncertainty in each parametpr is
listed below.
(a) injection rate: 0.25%
(1) systematic: accuracy of instruments used to|cali-
brate injection pump
(2) random: statistical variation in pumping|rate
measured by repeated calibrations of injection punp
(b) homogeneity of injection mixture: 0.25%
(c) completeness of mixing: 0.5%, spatial and temporal
variation as defined in para. 4-4.5.2.5.
(d) measurementofsample and standard fluorescgnce:

and the sample and standards are less susceptible to
contamination due to repeated handling. However,
larger samples are required than with Method A, and
the larger samples may be more difficult to transport
to another location for analysis if conditions at the
sampling site are not suitable.

4-4.5.3 Accuracy. The accuracy of the dye dilution
method is dependent on several factors, including
(a) accuracy of the dye injection rate

1.25%

(1) systematic: accuracy of fluorometer, readout
should not be less than 50% full scale

(2) random: variation in repeated measurement of
each sample and standard can be reduced by performing
additional measurements

(e) fluorescence temperature correction of sample and

standard: 0.5%, maximum 0.2°C temperature difference
between sample and standard
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(f) measurements in calculation of dilution factor of
standard: 0.25%, accuracy of weigh scales, volumetric
flasks, specific weight of solutions

The overall uncertainty in flow measurementis reduced
by increasing the number of standards used in the compar-
ison to sample.

The uncertainty in flow measurement using the dye
dilution method within the specifications of this Code
is estimated to be within +1.5%.

4-5| THERMODYNAMIC METHOD FOR MEASURING
EFFICIENCY

4-5]1 Principle of the Method

The thermodynamic method for efficiency determina-
tion|is based on the law of conservation of energy. Energy
loss¢s generate an increase of the water temperature as it
pasdes through the machine. The thermodynamic method
is syitable for machines with heads in excess of 100 m.

The efficiency is obtained directly by measuring the
diffgrence of energy (potential, mechanical, thermal,
kingtic) between the inlet and the outlet of the
machine and comparing this difference to the available
enellgy (specific energy or nethead.! The flow is computed
fron] the efficiency and other measured variables (head,
powgr, density).

The efficiency is calculated as:

n =y X1,

whefe
L = hydraulic efficiency
n = mechanical efficiency

Any mechanical losses chargeable to the machine

E,, = the specific mechanical energy or the specific
energy exchanged between the water and the
machine?

P = Actual power
P,, = mechanical power
By = (PQ)lEm

P, = Correction term related to contractuald¢finitions
and local conditions (e.g., extraction ofeergy not
involved in energy measurementjand chargeable
to the turbine)

P,, = Power from input
En = E1—2

= 5T(pabs1 - pasz) + TP(@1 — 6,
vit—v3
+ + g(z1 — 22)
where
FT = isothermal throttling coefficient of

water, m3-kg’1

Dabs1 Pabsz = absolute pressure, Pa

kg LK !

o specific heat capacity of water, ]
0,, 6, = temperature, °C, K
vy, V2 = velocity, m/s

The properties of water (density, specific heaf capacity
and isothermal throttling coefficient) can be cglculated
using tables or formulas of Mandatory Appendlix I. For
seawater,“I0OC, SCOR and AIAPSO, 2010: The intefnational

shoyld be taken into account in the-ealculation of the effi-  thermodynamic equation of seawater - 2010: Cdlculation

cienfy. and use of thermodynamic properties, Internatiopal Ocea-
For turbines nographic Manuals and Guides No. 56,” can be [used.

M, = By/B, = EAWIl)h ., =P/B, 4-5.2 Specific Mechanical Energy, E,

s P_Em Due to high flow velocity, the mechanical gnergy is

" generally not measured directly in the flow byit rather

Fqr pumps in specifically designed vessels (places markefl 11, 20,

AP, and 21 in Figure 4-5.2-1), provided that there is pho varia-

E+ —E, tion of the total energy between the machine| and the

Ny, = By/Bp = & N, = Bp/P sampling vessel. It is also not necessary that the fampling

m rminfc caoincide with the reference section of thelnet head

where (head losses will be transformed by heating, so the total

E = the specific energy (related to the net head)

! For the rest of the text, the specific energy E is used instead of the net
head; both are related with the following relation E = Hy*g
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energy is constant).
The practical expression of E,, is therefore:

2 The theory of the thermodynamic method for measuring efficiency is
based on the thermodynamic laws using the thermodynamic tempera-
ture O in kelvin (K). In the case of temperature differences the tempera-
ture can be directly expressed in degrees Celsius (°C) as 9, =9, = 0,- 0,
where 9; and 9, are the temperatures in °C.
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Figure 4-5.2-1 General Schematic Diagram of Measuring Vessels and Balance of Energy for a Measurement With the
Thermodynamic Method

Pair air

(rho x Q) L

dEnﬂ, heat =

dEm1, leak =

Pleak
(rho x Q)4

I

11 ’L
+— dE,,

1, vess

=L 5 N
=

I

|

0Epeat = Pheat
(rho x Q)4

En|= Ei1-21
= 5T(Pabsl1 - Pabs21) + 58y — 6y)

2 2 n
V11 — V21
+ = telayz) + D +0E,, ;
i=1

(a) The mean valueScof 67 and c, are calculated for
(Pabs11 H Pabs21)/2 and (011 + O,1)/2.

(b) Cqrtain corteetive terms (imperfect measurement
conditiohs, secondary phenomena, etc.) must be taken
into conjsidération. They are indicated by X3E,,; (see
para. 445.8). The sign of 6E,,; will depend on the

added or subtracted, allows the computation of the yalue
of E,, in agreement with the general equation.

4-5.3 Correction of Specific Mechanical Energy

Any energy exchange (heat, mechanical, etc.) that i§ not
due to the turbine (pump) must be corrected. Spme
corrections are due to heat exchange within the meaqure-
ment circuit (vessels), others come from the variatign of
the water temperature. The general equation fo1 the
correction is as follows:

machine mode (turbine or pump) and sign of the
amount of energy transfer between the environment
and the machine. Normally, an addition of energy for a
turbine leads to a positive term.

(c) The values of x1 and x2 are those measured in the
vessel.

Ifan auxiliary discharge is added or subtracted between
the high and low pressure measuring sections which may
be attributable or not to the machine, a balance of power,

1
OEy = + ——Forr J/kg/)
P
where
P.orr = rate of energy added to or subtracted from the
machine

The most common sources of correction (see Figure
4-5.2-1, positive or negative) are listed below.
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(a) heat exchange between machine wall and ambient
air including condensation. For most of the case, i.e. the
concrete wall or rock, the heat exchange is negligible.

(b) heat exchange between the water and the air
entering the aeration system.

(c) heat exchange with the cooling circuit of the
machine bearings and the generator.

(d) heatexchange in the measurement circuit (vessels)
that is due to nonperfect heat insulation between the

conditions (e.g., several turbines discharging into a
common tailrace). Poor conditions will be more likely
when back flow is present in the turbine (off peak effi-
ciency operating condition).

The heat exchange between still water must be avoided.
Ifthisisa possibility, a physical separator shall be placed in
these areas in order to avoid mixing of the flow with the
still water areas which may be at a different temperature
from that of the flowing water.

wat¢r and the air. When the temperature measurement
is ddne in a vessel exposed to heat exchange, a correction
musf be calculated (para. 4-5.7.2).

(e) When the temperature of the water flowing into the
machine varies, a suitable correction shall be applied to E,,,
fron} the temperature variation A@/At measured in Ks™*
and |calculated as follows:

(1) for turbines
SE

m

_AO
= cpA—t(ta —t—tp)

(2) for pumps

SE,, = TPAA—?(ta +t—tp)

whefe

the time, in seconds, taken by the water to pass
through the machine between the two measuring
sections

the time, in seconds, taken by the water to pass
from the high pressure tapping point to the corre-
sponding measuring vessel

the time, in seconds, taken by the water to pass
from the low pressure tapping poirt to the corre-
sponding measuring vessel

4-5/4 Conditions and Limitations

Fqr the present standard, the thermodynamic measure-
menjt method should not bé used for machines with a net
head lower than 100 m.Eop heads below 100 m, the nonu-

nifopmity of the méasured parameters (mainly the
temperature) could lead to a higher uncertainty.
ever, undeh.veéry favorable conditions including a
penstock and draft tube outlet, the measurement
be done for machines with net heads as low as 80
rovided that the energy distribution at the inlet

How
long
can
m, g
and
of sampling points). The measurement shall be done
only by experienced people and agreement between all
the parties prior to the test. The measurement uncertainty
will generally be higher.

It is not recommended to use the thermodynamic
method under unfavorable measuring conditions such
as irregular temperature or velocity distribution
(outlet of draft tube) in the measuring sections, unstable
temperature etc., which may occur at some operating
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For these unfavorable operating conditid
strongly recommended to use inde
(Nonmandatory Appendix A) for whichithe|relative
discharge measurement must be calibratéd by the ther-
modynamic method at favorable operating conflitions.

If the low pressure side of thelturbine or pump is very
close to the ventilation duct,of the electric machine, it is
recommended to divert energy from the cooling cfrcuit out
ofthe main flow or to explore the temperature disfribution
in atleast 12 points. Alstrong energy distribution|gradient
may require insulating the ventilation duct from|the main
flow.

The variation of the temperature entering the
must be Jéss)than 0.005°C/min in one run. To
variation. of the temperature, it is recommgnded to
operate the unit during the night in order to keep the
temperature of the conduit as constant as possible.
Measurement during the day is not recorrmnended
when penstocks are directly exposed to sunljght. If a
conduit supplies several units, the total discharge of
the conduit should be maintained constanjt or the
other units should be maintained at constant gower.

For some types of sampling probes, the sensitiye part of
the temperature probe can be directly immersgd in the
sampling flow or main flow. In this case, cautign is nec-
essary not to increase the sampling discharge inforder to
prevent viscous heating on the probe. The velocjty of the
water directly in contact with the probe sensitive part
must be limited to 2 m/s.

ns, it is
k tests

machine
limit the

4-5.5 Measurement of Specific Mechanica

The present standard recommends the measu
the specific mechanical energy with the direct qperating
procedure. The partial expansion procedure is ndt consid-
ered in this Code. The direct operating procedurg consists
of extracting a sample discharge with a “total hedd” probe
and bringing it to a vessel with a minimal head Ipss. If no
energy Is extracted or exchanged between the conduit and
the measurement vessels, the total energy is constant and
no correction is needed. Otherwise, the guidelines of the
present standard must be followed.
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4-5.6 Measuring Sections and Sampling
Conditions

The high- and low-pressure measuring sections for E,,
do nothave to coincide exactly with the reference net head
sections since the total energy is considered constant. The
high and low pressure measuring sections must be chosen
in order to have the best uniformity of flow and tempera-
ture. If the sections do not coincide, appropriate correc-

The water extracted is normally led to the measuring
external vessel. Probe, piping and vessel should be care-
fully insulated. The sampling probe may be designed to
allow the installation of the thermometer directly in it.

For the case where the low pressure side section is at
atmospheric pressure, the temperature sensor can be
placed directly in the tailrace. If the velocity in this
measurement section is higher than 2 m/s, the tempera-
ture probe should be placed in a measurement vessel in

tion maybe ITecessary to—accountfor-thedifferemce—in
losses of the hydraulic circuit. In any case, the heat
exchang¢ must be taken into account.

Tabled4-5.6-1 and 4-5.6-2 give the minimum number of
sampling points for the high and low pressure side in both
turbine and pump mode.

When [more than one measuring point is being used at
any measuring section, the values of efficiency will be
determirfed from individual connections and compared
with the|average of all points. If the difference exceeds
1,5%, thp measurement is considered as an outlier and
further jnvestigation is required (see also para. 4-5.4,
regarding poor/unfavorable measurement conditions).

4-5.7 Ipstrumentation

The tlermometer must have a measurement uncer-
tainty sq that the temperature difference uncertainty is
less thap 1 mK. The instruments must be calibrated
according to the recommendation of the present code
(see subpection 4-1). If the thermometers show a high
level of]stability, the post-test calibration can be
avoided|by mutual agreement. Temperature probes
must be|verified (zero temperature difference) oncsite
with an |appropriate procedure over the whele-range
of expected water temperature during the test. Itis impor-
tant her¢ to focus on the temperature difference.

The pifessure transducer requirementsymust follow the
same rules as for head measurement.

The sampling discharge which giyes the velocity in the
vessel must be measured with @ measuring tank or flow-
meter with an uncertainty of about +5% or with an uncer-
tainty of|less than 0.1%-on the efficiency.

surrounchag
is needed.

4-5.7.1 Apparatus. When the measuring sections are
under pressure, the procedure consists of extracting a
sample discharge, generally between 6 L/min and 30
L/min, by a “total head” probe. This is normally the
case for the high pressure side of the machine.
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order to limit the viscous heating. The measurernent
vessel can be placed directly in the flow.

4-5.7.2 Sampling Probe or “Total HeadProbe.” Water
samples from the conduit shall be taken by means|of a
probe fixed perpendicularly to the conduit and pene-
trating into the conduit (see Figure 4-5.7.2-1). [This
probe shall have a perfectly‘stmooth orifice at its [end,
with a diameter equal to.the internal diameter of the
probe and pointing in an_upstream direction.

The distance of thisiorifice from the internal wall of the
conduit shall be at least 0.05 m.

The mechanical design of the probe must take[into
account the{condition of the flow in the measuring
section (vibration, etc.). The design must also take|into
account’heat transfer of all the elements of the measyring
setup)

The external diameter of the probe, in the vicinity dof the
sampling hole, may be in the range of 15 mm to 40 mny, the
internal diameter being at least 8 mm. The measyring
vessels shall be designed so that the flow velocify of
the water inside is very low and good mixing occurs
before the flow passes around the thermometer.

The sensitive element of the thermometer ca
inserted in sampling water circuits where the
traverses the conduit which will limit heat exch
with ambient air.

All parts of the water sampling circuit shall be carefully
insulated. Three measurements of the sampling dischiarge
should be done in order to evaluate possible heat
exchange. A plot of the mechanical energy as fungtion
of the inverse of the sampling discharge will allow the
determination of the correction value of E,, [see
Figure 4-5.7.2-2) if the sampling discharge is large.

h be
flow
nge

4-5.7.3 Tapping Device. For exploration of flow in an
open channel section for example, a tapping device ade
of o om-several
orifices positioned at equal intervals along the tubes
can be used. If the energy of multiple orifices is measured
by one thermometer, this is considered as a single
sampling point no matter the number of orifices.

In any case, the total sampling discharge that passes
through the tapping device should be recorded to
assess the energy distribution, otherwise it will result
in a higher uncertainty of the efficiency (see para. 4-5.11).
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Table 4-5.6-1 Recommendations for the High Pressure Side Measuring Section

Measuring Section

Distance From Machine/Nozzle

Number of Sampling Points

Remarks

Francis (turbine)

As close as possible

D < 5 m: 2 points
D > 5 m or length of penstock
<150 m: 3 to 4 points

The sampling probe shall not be in the
immediate wake of a butterfly valve.

Pelton Greater than 4D pipe Minimum 2 points Any important disturbances upstream of

the sampling points shall be avoided.
If more than one jet, the sampling point can

be just upstream of the first bifurcation.

Pumy 5 times the diameter of the impeller from | D < 5 m: 2 opposite tapping Different depths of penetratior

the machine D > 5 m: 3 or 4 tappings
Table 4-5.6-2 Recommendations for the Low Pressure Side Measuring Section
Measuring
Section Distance From Machine | Number of Sampling Points Remarks
Open} turbine 4 to 10 runner diameters | A minimum of 6 points for Adequate mixing is the nfain criteria, a greater distance than
(Fifancis, Pelton) temperatures/velocity necessary may increase the heat exchange
Open} pump As close as possible 6 points for temperatures/ Adequate mixing-is<the main criteria

velocity

Closgd, turbine

>5 times the maximum

runner diameters velocity

Closgd, pump

>3 times the maximum
runner diameters

6 points for temperatures/

Equal distanee/for circular section or in the middle df each side
for rectangular section
Several, orifices for each of the sample tubes

Figure 4-5.7.2-1 Example of a Sampling Probe
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Figure 4-5.7.2-2 Determination of the Correction in E,, for Heat Transfer in the Water-Sampling Circuit

L

If the water is withdrawn outside of the main flow for
measurgment of its properties, all the elements of the
sampling circuit shall be carefully insulated.

The tapping device should be designed so as to bring
water injo a measuringvessel with alow velocity and good
mixing. The orifice willbe around 7 mm in diameter with
tubes of atleast 30/mm. The head losses between the main
flow and the.measuring vessel should be measured.

between the parties is needed before the test.

It may be difficult, in bad operating conditions (off-peak
efficiency), to detect back flow in the measurement section
with this device (see para. 4-5.4).

_________________ 1 _ _ _Correctedyalue of £y,
I | I g = Sampling discharge
| | 1 >
1 1 1 ki
q1 q2 q3 q
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4-5.8 Repetition of Measurements

It is recommended to compute the efficiency for
subsampling time intervals in order to assess the staBility
of the flow. The total sampling time will be dependent on
the random uncertainty obtained for each individual|run.
Large fluctuations of measured efficiency (>1.5%) mdy be
an indication of unfavorable conditions (i.e., back flgw at
the outlet of a turbine, see para. 4-5.4).

icutar Flow Arrangements

Inflow of auxiliary discharge between the high and low
pressure sections, such as generator cooling water, should
be avoided because the mixing of this water and the main
discharge may not be complete.

In each case where auxiliary discharges are added or
subtracted between the high pressure and low pressure
measuring sections, a balance of power will allow the
computation of E,,.
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4-5.10 Limit of Corrections

Measurement shall not be considered valid whenever
the corrections obtained from the measuring procedures
or calculations given above exceed one of the following
limits in relation to E,,;:

(a) heat exchange between water in the sampling
circuitand surroundings (see para. 4-5.3) at high pressure
and low pressure measuring sections: 1%

+++++

In the indirect method, the generator or motor is
utilized as a dynamometer for measuring the power
output from the turbine or the power input to the
pump. Turbine power output is then determined by
adding the generator losses to the measured generator
power output, and pump power input is determined
by subtracting the motor losses from the measured
motor power input. The generator or motor losses
shall have been previously determined, for the conditions

( 1
sing|concrete walls (see para. 4-5.3): 1.5%

(c]) variation of temperature at inlet and correction
resylting from external factors [see paras. 4-5.3(a)
through 4-5.3(c)]: arithmetical sum of the corrections
OE,,|(detailed in para. 4-5.3): 2%

4-5

The total uncertainty in efficiency must be calculated
accqrding to the method presented in Section 7. The
expdcted uncertainty highly depends on the measurement
condition, head, instrument, corrective term, etc.

The uncertainty of the different parameters can be
expdcted to be those listed below:

(d) Temperature difference : +1 mK

(h) Pressure: £0.2% of net head

(c) Elevation of transducers: 6 mm

(d) Velocity in discharge vessel: +5%

(e) Density (pure water) £0.1%

(f] Isothermal throttling coefficient 67 (pure waterj:
+0.2%0

(9P Specific heat capacity c, (pure water): +0:5%

(h) Correction due to secondary phenomenen 6F,,:
+20% of correction

(i} Correction due to energy distributien at the inlet
and |outlet

(j] If the energy distribution is fiot-measured and not
proyen to be homogenous, genérally at the outlet of the
machine (turbine), additionaluneertainty must be added.

11 Uncertainty of Measurement

High Pressure

Side Low Pressure Side
Turbjne  +0.2% *(120/H, + 0.2)%, where H, is given
in m
Pumj +0,6% +0.4%

4-6

4-6.1 Indirect Method

Power output from the turbine or power input to the
pump shall be determined by the indirect method.

The indirect method utilizes electrical measurements of
power output from the generator or input to the motor, the
previously determined generator or motor losses, and
appropriate corrections for the operating conditions
during the test.
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such as output, voltage, power factor, speed, diffection of
rotation, and temperature expected during the-tgst of the
turbine or pump.

All losses specified in IEEE 115-2009"shall |
mined. The I°R losses shall be corretted for the
ture, armature current, and field current measurg
the performance test.

The power supplied to’ separately driven generator
auxiliary equipment, such as excitation eqipment,
motor-driven cooling-fans, and motor-driven pr circu-
lating pumps is frequently supplied from othgr power
sources rather than directly from the turbine| If these
losses are included in the total losses for the ggnerator,
they shallbe determined separately and excluded.

Measurement of effective power output at the generator
termihals or effective power input at the motor terminals
shall*be made in accordance with PTC 19.6.

During the turbine or pump test, the generatorjor motor
shall be operated as near to specified voltage gnd unity
power factor as existing conditions permit. Should the
voltage be other than specified and/or thg power
factor be other than unity, suitable correctiofs in the
computation of the power output or input arld losses
shall be made.

The power shall be measured by means of waft meters
or watt-hour meters. Subsequent reference in this Code to
watt meters shall include watt-hour meters as ah equiva-
lent substitute.

The connections, which are used for reading power,
depend on the connections of the generator dr motor.
If the neutral of the generator or motor is brought out
and is connected to the network or to grounfl during
the test, the three-wattmeter connectidgn as in
Figure 4-6.1-1 shall be used. If the neutral is|brought
out, but not connected to the network or tq ground
during the test, a three-wattmeter connectior], similar
poten-

e deter-
empera-
d during

to Figure 4-6.1-1 with the neutral connected to the
i i ttmeter

connection for measuring three-phase power (Figure
4-6.1-2), shall be used. The three-wattmeter method
affords simpler and more nearly correct calculation of
corrections of ratio and phase-angle errors of the instru-
ment transformers and for scale corrections of the watt
meters or registration errors for the watt-hour meters if
such corrections are required.
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If the neutral is not available, the two-wattmeter
method shall be used for measuring three-phase
power. One point of each secondary circuit shall
always be connected to a common ground as shown in
the figures. In the two-wattmeter method, the phase
angle shift from the meter transformers shall be taken
into account when calculating power. The two-wattmeter
method is more susceptible to phase angle shifts.

Proper corrections shall be made for temperature

within 5% of their rated burden, then station metering
circuits may be temporarily disconnected, and the burden
shall be re-measured to ensure it is within acceptable
levels. Once the test is concluded, the station metering
circuits will need to be reconnected. The instrument trans-
formers shall be tested to determine the ratio of transfor-
mation and of the phase angle deviations for secondary
burdens. These phase angle deviations are equivalent to
actual instrument burdens of the instruments to be used

effects ih the instruments, if the instruments are not
temperafure compensated. In cases of excessive tempera-
ture varjiation, an enclosure shall be used to ensure
suitable femperatures for the instruments.

The indicating instruments shown in Figures 4-6.1-1
and 4-6.1-2 give a check on power factor, load balance,
and volthge balance, and show the proper connections
to be applied so that power output and losses may be accu-
rately ddtermined.

If the gower output or input is measured by in-situ-indi-
cating inftruments, the number of readings shall depend
upon the]duration of the run and the load variations. Suffi-
cient readings shall be taken to give a true average of the
output of input during the run, and, in case of the pres-
sure-tinje method of flow-rate measurement, prior to
when thle wicket gates or other closing devices begin
to close. pimultaneous readings of the wattmeters are rec-
ommended. If the power output or input is measured by
rotating ftandard-type integrating watt-hour meters, they
shall opgrate simultaneously throughout the period of the
run. The|duration of operation of the integrating meters
shall be measured by timing devices sufficiently accurate
to permift the determination of time to an accuracy of at
least +0.2%. The power output or input shall bemeasured
overaperiod of time thatincludes the period during which
the flow Jrate is being measured, except in the‘case of the
pressureg-time method of flow rate measuirement where
the powgr output or input shall be méastred immediately
prior to when the wicket gates ar other closing devices
begin to|close.

Instrument transformersised for the test shall be cali-
brated prior to installation'or immediately prior to the test
by comparison with standards acceptable to the parties to
the test. When existing station (meter class) transformers
are used)the burden of the transformer secondary circuits
shall bg medasured with the test instrumentation
connectqdto ensure the burden, either in VA orimpedance
(Q)isn

t exceeded 1fthe burden of the transformers-is

during the performance test. The correction data shdll be
available before the start of testing.

The voltage and current of the secondary leops shdll be
measured as close to the secondary transformet termjnals
as possible to ensure that all station and test'equipmgnt is
on the load side of the measurements. Care should be
taken to ensure that the burden-measurement apparatus
be placed on the source side ofstation instrumentatign as
shown on Figure 4-6.1-3. Asva word of caution) the
secondary loops of the petential transformers shpuld
never be shorted. Also,\the secondary current trangfor-
mers should neverde opened while the generatgr is
running. Burdefiyzcan be measured and recordeld in

either VA or impedance. V/I = VA/(I(nominal)"*2) F Zb
where Zb is the burden in impedance.
Turbine‘output is the sum of the generator outputf and

generator losses. If possible, all auxiliaries driven from the
machine being tested shall be disconnected during the
test. If this is not possible, any power provided to
shaft-driven auxiliaries not necessary for nofmal
turbine operation shall be added to the turbine oufput.
Electrical power input to generator and turbine auxiligries
necessary for normal turbine operation shall be dedycted
from the measured generator power output plus applica-
ble generator losses to determine net turbine-pdqwer
output. If the generator is excited from a mechanifally
connected exciter, the calculated input to the exgiter
shall be added to the appropriate generator lossg¢s in
determining the turbine output. Correction shall be
made in the same manner for any other auxiligqries
connected either mechanically or electrically. Corregtion
shall also be made for any other auxiliaries necessary for
proper operation and related to the performance of the
turbine, but not directly connected to it. If compresse(d air
is required for turbine operation at certain wicket{gate
openings, the compressor-motor input or equivdlent
energy usage shall be deducted from measured genegator

outbut
r
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Figure 4-6.1-1 Three-Wattmeter Connection Diagram
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Figure 4-6.1-2 Two-Wattmeter Connection Diagram
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Figure 4-6.1-3 Measuring Instrument Burden
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Pump input shall be motor input plus electrical power
input to auxiliaries necessary for normal continuous
pump operation less all motor losses. If possible, all auxili-
aries driven from the machine being tested shall be discon-
nected during the test. In this is not possible, any power
input provided to shaft-driven auxiliaries not necessary
for normal pump operation shall be deducted from the
motor input. Motor losses obtained by shop tests may
be used in this determination if corrected to pump test

B, = distance parallel to the axis of the runner,
measured from the inlet edge to the outlet
edge of the runner at its outer periphery (tip
height), m (ft)

D = outside diameter of the runner, m (ft)

K, = empirical constant as determined from a series of
tests conducted in the field on both fixed and
movable blade propeller turbines. The value
found is 1.05 x 1073 (5 x 107°) with fixed and

conditions and agreed upon by the parties to the test.
If the motor is excited from a mechanically connected
exciter, the calculated input to the exciter shall be
added to the motor losses in determining pump input.
Cortection shall be made in the same manner for any
auxiliaries connected either mechanically or electri-
. Correction shall also be made for any other auxili-

calcpilated by the following formulas:
(a) Francis Turbine or Centrifugal Pump
P = KyBD*n?
whefe
Bl = height of distributor{m {ft)
D| = outside diameter 6f runner, m (ft)
Kt = empirical constant) the average value of which is
3.8 x 1072 (A%%107%)
n| = speed of rotation, revolutions per second
A = turbine-or-pump windage and friction turning in

air, kW,

The-above formula was determined from tests on

movable blade propeller runners
n = speed of rotation, revolutions per&Sgeond
N, = number of runner blades
P = turbine or pump windage andyfriction tjirning in
air, kW

The windage and friction test should preferably be
made with the Kaplan runner blades in the dlosed or
flat position. Inboth casesy(a) and (b), the test to dptermine
the combined windage+yand friction shall be mafle under
the following conditions:

(1) coolingrwater supplied to seal rings

(2) wicket gates open

(3) sspiral case drained and access door open

(4) draft tube access door open
(¢).Impulse Turbine

P = K;BD*®

B = width of bucket, m (ft)

D = outside diameter of runner, m (ft)

K; = empirical constant, as determined from gseries of
tests, the average value of which is 8.74 x[107 (2.3
x 107)

n = speed or rotation, revolutions per secopd

P = turbine windage and friction turning in| air, kW

The values of generator or motor windage angl friction
shall be measured in the shop, or after installatjon, with
special attention to the turbine or pump cojnditions
outlined herein for windage and frictiqn tests
(para. 4-6.2). In units containing direct connected exciters
of sufficient capacity, the windage and frictio)} may be
measured by driving the generator with the exciter.
Windage and friction, when not directly megsurable,
shall be taken either from shop tests of genefators of
similar size and design or, preferably, from a decgleration

Franeisturbine+runners-and-mav-be-usedforcentrifusal
......... FoRRersahe-hay-pse-usea+of HeFrHgar

pump-turbine runners rotating in the turbine direction.
(b) Propeller-Type Turbine or Pump (Including Kaplan)

P =K,(B, + 0.25B;)°D*n3(s + N,)

where
B, = distance parallel to the axis of the runner,
measured from the inlet edge to the outlet
edge of the runner blade adjacent to the
runner hub (hub height), m (ft)

test made after installation.
Other methods of determining windage and friction
may be used by prior agreement by the parties to the test.

4-6.3 Speed Increaser Losses

If the machine is connected to the generator or motor
through a speed increaser, the speed increaser losses shall
be added to the generator power or subtracted from the
motor power. The speed increaser losses and the basis for
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their determination shall be documented. The uncertainty
oftheirlosses shall be factored into the overall uncertainty
calculations.

4-7 SPEED MEASUREMENT

4-7.1 General

Accurate measurement of the rotational speed of a
machine is ossontial vwheon:

4-7.3 Isolated Alternating Current Systems,
Variable Speed Machines or Short-Term
Measurements

Electronic timers and counters that are available can be
used in two ways. A crystal-controlled time base accu-
rately measures pulses for a period of 1 s to 10 s.
During a preset period, the counter integrates the
number of cycles or pulses. Alternatively, using the

(a) Turbine power output is measured by a direct
method puch as a transmission dynamometer.

(b) Pymp orturbine power is determined by an indirect
method, put is a variable speed machine, or has an induc-
tion or g direct current motor or generator.

Howeyer, when the turbine power output or pump
input is determined by an indirect method such as the
measurement of the output of the synchronous generator
or motot, the rotational speed can be computed from the
system ffequency.

4-7.2 A-C Interconnected Power Grid

The pgwer systems in nearly all the 48 contiguous U.S.
States arjd many of the Provinces of Canada are intercon-
nected fdr power exchange and frequency control. System
frequengy is compared to a very high-grade crystal-
controlled clock. Short-term deviations are recorded
and long-term deviations are integrated to zero. The
crystal-qontrolled clock is checked by standard time
signals tfansmitted by the United States National Institute
of Standards and Technology radio station WWYV locatéd
at Fort (ollins, CO, U.S.A.

For a|turbine or pump test with a synchrohous
generatdr or motor connected to an alternating’ current
interconhected grid, the speed is not expected to vary
from true interval by more than +0.03%under normal
operatihg conditions. For a Code,tést, the actual
system ffequency must be measured somewhere in the
power system and its value recorded.

SATE eqUIPINENT, UIME for OMe Cycie 15 measured. A 1-
MHz timing crystal will read 16.667 ms for one.cjcle.
The “hold” time can be set for one second, to,allgw a
reading, and then another cycle is sampled-automatigally.

4-7.4 Induction Generators and Motors or Direct

Current System

A mechanically driven revolution counter using the
same electronic equipmentasabove is preferred. Aprpjec-
tion on the shaft provides_an electrical pulse eithgr by
contactor or electromagnetic pickup.

The electronic devices mentioned above are proviided
with an independent crystal oscillator as a time base] The
frequency of this.Crystal shall be checked in the labordtory
before thetest.

Pulse¢generating wheels must be solidly connectg
the unjt;shaft. Tachometer generators shall be driven
mechanical connection such as a flexible shaft. Frictig
belt drives shall not be used.

d to
by a
nor

4-8 TIME MEASUREMENT

The most accurate measurement and portable fime
base available at present is a crystal-controlled oscillptor.
All manufacturers of crystal oscillators offer crystal gscil-
lators that are temperature compensated. Typidally,
temperature-compensation ranges (0°C to 50°C) en¢om-
pass what is normally found in ambient temperatfires.
Uncertainties vary from 1 ppm for a crystal that is
temperature compensated, to 300 ppm when|not
temperature compensated. Crystal-controlled oscilljtors
shall be checked for stability and drift. Oscillators us¢d in
field-testing applications should be temperature compen-
sated. They shall be operated according to the manfifac-
turer’s instructions.

68
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Section 5
Computation of Results

MEASURED VALUES: DATA REDUCTION

llowing each test, before disconnecting any instru-
s, all test logs and records shall be completed and
bled, and then examined critically to determine
her or not the limits of permissible deviations
specified operating conditions have exceeded
given in subsection 3-5. Adjustments of any kind
ld be agreed upon, and explained in the test
repqrt. If adjustments cannot be agreed upon, the test
run(|s) may have to be repeated. Inconsistencies in the
test Fecord or test result may require tests to be repeated
in whole or in part in order to attain test objectives.
Cortections resulting from deviations of any of the test
opetating conditions from those specified are applied
wheh computing test results.

Pompt examination of readings may indicate the need
for inspection and adjustment of the machine or of test
instfumentation, thereby minimizing the number of
rung that may have to be voided and repeated.

The averages of the readings or recordings with appro-
priate calibrations and/or corrections for each run shall
be yYsed for the computation of results. Afly'reading
susplected of being in error shall be tested by'the criteria
for putliers in Section 7. Preliminary.computations
(sulsection 3-3) made during theteourse of the test,
toggther with plots of importantuneasured quantities
verspus wicket-gate servomotor stroke, are useful for indi-
catihg errors, omissions, and/irregularities, and shall
appear in the final report\as’a reference.

The averages of all ceadings shall be corrected, using the
averfage of the pretést-and post-test calibration curves for

0.5
Hspec]

at H, =
Q spec QT( HT

1.5
Hspec
Pat Hypec > Pg| —
T

When the test conditions have complied with the above
provisions, the turbine efficiency, which requires no
correction, is

(SI Units)

turbine power output (P) _1000P  1p00Pp

P PEQHT

water power (Pw)

(U.S. Customary Units)
SS0P

P8 e

Values of p and g are given in Tables I-1-3 and I-1-1,
respectively.

When the test conditions have complied with the provi-
sions of paras. 3-5.2 and 3-5.3(b), but not wjth para.
3-5.3(a), the values of Q for Hypec and P for Hgpecfas calcu-
lated above shall be corrected to Q" and P’, respectively, by
multiplicative factors derived from known charfcteristic
curves of a previously tested homologous turbirfe, by the
following steps:

Step 1. For each run, the following is calculated:

; D
eacl] instrument, kT = L i 05 = speed coefficient
60(2gHy.)
5-2| CONVERSION OF TEST RESULTS TO
SPECIFIED CONDITIONS
5-2.1 Turbine Mode — Conversion to Specified g = Q T _ unit flow rate
T TDZH 0.5
Head T
When the readings indicate that test conditions have
complied with the requirements of paras. 3-5.2 and
3-5.3(a), the measured flow rate (Qr) and turbine pr = PTW = unit power output
T

power output (P7) at head (Hr) shall be converted to
the values for specified head, Hgpe, by:

where D equals runner diameter, and “unit” means ratio-
nalized to 1 m diameter, 1 m head (1 ft diameter, 1 fthead).
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Step 2. Using the above referenced test curves deter-
mine:

q’ = unit flow rate at specified head and speed coeffi-
cient, k,_spec, for the gate opening that produces qr at k,r

p’ = unit power at specified head and speed coefficient,
ky.spee for the gate opening that produces pr at k,r
where

Nspec 3

)

Pat"spec = Pr( "
T

Where the test conditions have complied with the provi-
sions of para. 3-5.3(a), the machine efficiency, 1, which
requires no correction for these conversions, is given by:

’t”specD '
ku—spec = 0<% (SI Units)
60(2gHspec) "= p gQH
1000P
Step 3| Calculate flow rate and power at specified head.
. H 0.5 (U.S. Customary Units)
, q |, Pspec

Q=QT(—)( T ) n:ngH

i 0T 550P
Where the test conditions havée complied with the provi-
o Hepec LS sions of para. 3-5.3(b) but natwith those of para. 3-5.B(a),
P'= PT(—)(H—) the values of Q at ngpec,sH at Ngpec, and P at ngpe. shalll be
Pr T adjusted by the addition (or subtraction) of incremé¢ntal

5-2.1.]1 Efficiency. The corrected values, Q" and P’, at
Hgpec shdll be used to calculate the efficiency at each test
run:

(SI Units
, _ 1000P’
- P eQH g
(U.S. Cusfomary Units)
, 550
P QHgye

A cury
plotted.

e of efficiency as a function of pewer shall be

5-2.2 Pump Mode — Conversion to Specified Speed

Assun]ing that the measured.values indicate that test
conditigns have compliedwith the requirements of
paras. 3}5.2 and 3-5.3(a)) the calculated test results
shall be| converted fo)the specified speed, ngyec, by
using th¢ followingrequations:

Nspec

Q atnSPeC = QT .

values AQ, AH, and AP) respectively, derived by refergnce
to the characteristic curve of a previously tested hqgmo-
logous machine:

5-2.2,1 ‘Efficiency. The machine efficiency ’ usin
correctedvalues of Q"= Q + AQat ngpec, H'= H+ AH, at |
andP’= P + AP at ngp, is given by:

(S1 Units)

b the

spec

y=? gQH’
1000 P

(U.S. Customary Units)

y=? gQH’
S50 P’

Values of p and g are given in Tables I-1-3 and I}1-1,
respectively.
A curve of efficiency as a function of flow rate shdll be

plotted.

5-2.3 Conversion to Specified Temperature

Guarantees are normally given for a specific water
temperature, usually the average water temperatufe of
the powerhouse. Water temperatures during the peffor-
mance tests however may differ from the specified value

Nspec 2

)

H at ngpec = Hr(

Ly

Nspec 2

)

NPSH at g = NPSHf(
nT

70

due to factors such as the season at which the test is
conducted or unexpected weather changes. It is recom-
mended to correct the test results when they are
performed at water temperatures which differ from
the specified average value. The turbine efficiency correc-
tion, Az, is calculated from the step-up formulae specified
in the IEC 60193:2019, Annex D as follows:
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[Reuref Jo'lé ( Re,ref Jo'lé NMhopt = turbine peak hill chart efficiency (usually
Any = S X - taken from the homologous model test
Re, test Re,spec report)
where This turbine efficiency correction, An,, is then added to
Re, = Reynolds number and is defined as follows: the efficiency calculated in para. 5-2.1.1 or para. 5-2.2.1
DXu DxmXn before comparison to the guarantee as follows:
Re, = , and y = ————— then
v 60 1 corrected = 57 + An,
o DX X X n
A 60 X v If the temperature of the entire test is constapt within
1°C, a constant correction can be applied on-the entire test.
If the water temperature varies by moré than 1{C during
the test, then a correction shall be caléulated for each test
whefe point.
D| = turbine runner reference diameter, m
N|= turbine rotational speed, rpm 5-3 EVALUATION OF UNCERTAINTY
ul| = peripheral velocity, m/s
v| = kinematic viscosity, m? /s Regardless of the excellence of the test, there will always
be an uncertainty in theresult. The uncertainty of the final
and, results and all intermediate results shall be eptimated
Re,rer = Reynolds number for the reference condi- using the general procedures described in Sectjon 7.
tion = 7.00 x 10°
R¢,spec = Reynolds number calculated with the speci- ~ 5-4 COMPARISON WITH GUARANTEES
fied water temperature Turbines are usually guaranteed for power oytput and
Reuest = Reynolds number calculated with the tested efficiency at one or more specified net heads. Hfficiency
s rﬁ;i;:r?f;;aﬁgelosses at Re and is nmay be guaranteed at one or more specifiel power
ref defined as follows: uref outputs or flow rates. All guarantees are at the gpecified
ehned as Totlows: synchronous speed unless otherwise stated.
_ 1- M, opt Pumps are usually guaranteed for flow rate Jand effi-
Oref = 0.16 ciency at one or more specified heads. Efficiency may
(Re”r&) + (ﬂ) be guaranteed at one or more flow rates. All gyarantees
Reyopt Viet are at specified speed unless stated otherwise.

When the head varies during the test, the valups of effi-
ciency and power output or flow for several heads may be
determined. In such instances, a mean curve of gupranteed

whepe . . efficiency for comparison with the test curve of efficiencies

Rfuopt = Reynolds number of the optimum efficiency at mean head can be determined by interpolatfon.
of the hill chart (4sylly taken from the homo- Test results shall be reported as actual cgmputed
logous. m.odel. \eat rel’,‘),rt) values, corrected for instrument calibratipns and
Vier = loss dlStrlb}mon co.eff1c1ent = ,0'6 for pumps, converted to specified conditions. A statement| shall be

0.7 f'or tadial turbln.e and ax1.al ﬁx.ed bl.ade included in the test report that results are eftimated
turbi®, 0.8 for for axial or turbine with adjus- to have a plus-or-minus percentage uncertainty, as deter-
table-blades . . . mined by evaluation of uncertainties descfibed in
0.6’ for pumps (radial or axial), 0.7 for radial Section 7.
and axial with fixed blade turbine and 0.8 for
axial turbine with movable blades
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Section 6
Final Report

6-1 CmLponents of the Final Report

The chief of test shall be responsible for preparation of
the final|report and shall sign the report.

The parties to the test shall receive copies of the draft
report ahd final report. For acceptance tests, the report
shall include

(a) a prief summary of the purpose of the tests, the
principal results, and conclusions.

(b) dgscription of special conditions or pretest agree-
ments.

(c) idgntification of the parties to the test and a list of
the key personnel taking part in the test, including their
organizafional affiliations and job titles.

(d) a summary of the specified operating conditions
and guatantees.

(e) defscriptions, drawings and/or photographs of the
machinefunder test, the plant layout, inlet conditions, and
outlet cohditions, including any unusual features that may
influencg test results.

(f) th¢ names of manufacturers and nameplate data
listing ppwer, flow rate, speed, and head, etc.

(g) dgscription of the inspected water passages, pres-
sure tap$, and underwater components.

(h) dgscription of the test equipment and test proce-
dures, ifcluding the arrangement of the*equipment,
and list jof instruments. Instrumentation descriptions
should ijclude manufacturer, key specifications, manufac-
turer’s sfated accuracy, identifyingnumber or tag, owner,
length aihd type of electrical Jeads (where relevant), cali-
bration qurves, and certificates of calibration.

(j) log of test events,

(k) tabulations’or Summaries of all measurements and
uncorredted readings.

(1) mdthodsyof calculation for all quantities computed
from the raw data.

(m) reference information such as generator and-s
increaser efficiency curves.
(n) copies of instrumentation calibratien documg
tion.
(o) corrections for deviations framyspecified cd
tions, including water temperature.
(p) statement regarding cavitation factor obse
during the tests.
(q) analysis of the uncértainty of the test results|
(r) summary of results:
(s) tabular and graphical presentation of the final
results.
(1) For turbines, the graphical presentation sh
include
(-a)\efficiency versus power output
(-b) flow rate versus power output
(-c) power output versus wicket gate openir
needle position and blade angle where applicable
(-d) flowrate versus wicket gate opening or ne
position and blade angle where applicable
(2) For pumps, the graphical presentation sh|
include
(-a) head versus flow rate
(-b) flow rate versus power input
(-c) efficiency versus flow rate
(-d) efficiency versus wicket gate opening
(t) appendices asrequired to describe details of dif
sions of water passages, additional drawings, illustrat
and photos as needed for clarification, and any o
supporting documentation that may be require
make the report a complete self-contained docur
of the entire test.
(u) documentation of any unresolved disagreem
among the parties to the test.
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Section 7
Uncertainty

7-1|BASIS FOR UNCERTAINTY CALCULATION

Ré¢gardless of the care taken in their design and imple-
menjtation, all tests yield measurements and results that
are dlifferent from the true values which would have been
determined with perfect methods and perfect measure-
s. This results in uncertainty as to what the “true”
act” resultis. The objective of an uncertainty analysis

summary of some of the key concepts of ASME PTC
19.1} with emphasis on applicability to hydroturbines,
and|closely follows the methodology presented in
ASME PTC 19.1. The most significant deviation from
the standard methodology presented in ASME PTC
19.1 is the retention of Student’s t statistic for small
sample sizes. Because hydroturbine efficiency measure-
merfts often have small sample size, the ASME PTC
19.1]approach that the approximation that the Student’s
t statistic = 2 is valid (large degrees of ffeedom) is not
alwgys justified. In the case of large sample sizes, the
twol|approaches yield nearly identical results. In the
case|of small sample sizes, the use‘of'the actual Student’s
t statistic will generally yield-larger uncertainties.

In| all cases, ASME PTC 19.1.should be consulted for a
more comprehensive development of an uncertainty
analpsis.

Uncertainties for this Code are computed at the 95%
confljdence level.\This means that, for any measurement
or cmputedresilt, the true resultis expected to be within
the fncertainty of the measured result 95% of the time.

Conyersely, the true result will not be within the uncer-
tainfy ‘of*the measured result 5% of the time.

7-2 SUMMARY OF METHODOLOGY

The methodology presented here uses turbine effi-
ciency as an example. This methodology appli¢s to any
part of the uncertainty analysis, e«g., the detailed|determi-
nation of the uncertainty in the héad measurethent.

The basic steps in deternmiining the uncertainty of any
parameter, including the$ihal results, are the fpllowing:

(a) Develop the equation or equations that define the
resultin terms of themeasurements (or parametgrs) upon
which the resultscdepend.

(b) ldentify which uncertainties are “systemptic” and
which are/random.”

(c) Using’the defining equation(s), determine how
sensitive the result is to changes in the parjameters
from which it is computed.

(d) Use the sensitivity determined above to|quantify
the effect on the result of uncertainty in each parameter
upon which it depends.

(e) Determine the “standard” uncertainty in these pa-
rameters.

(f) Determine the uncertainty at the 95% cdnfidence
level.

(g) Combine these individual uncertainties fo deter-
mine the overall uncertainty of the final result

7-3 GENERAL APPROACH WITH TURBINE
EFFICIENCY EXAMPLE

The general approach for uncertainty anplysis is
presented here, using turbine efficiency as an ¢xample.
The equation which defines turbine efficiency is:

Pr
nr = (63)]
T pgQH

NOTE: The above equation assumes dimensionallyl homoge-
neous units, e.g., the SI system of units. Conversiqn factors

Before performing an uncertainty analysis, the data and
results should be examined for outliers, i.e., data points
that are apparently so far from the trend of the data as to
likely be in error. Outliers are further discussed in
para. 7-3.6.

may be required for other systems of units, such as the U.S.
Customary System.

The uncertainty in the measured efficiency is therefore
a function of the uncertainty in the measurement or deter-
mination of turbine power (P7), flow (Q), net head (H),
water density (p), and gravity (g). Each of these measure-
ments will, in general, depend upon the results of
measurements of several other parameters. For instance,
net head will depend upon both the static and velocity
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heads at the inlet and the discharge. These velocity heads
in turn depend on pressure, conduit area, and flow rate.
Consequently, net head will depend on the measurements
of flow rate, conduit area, inlet pressure, discharge pres-
sure, etc.

The uncertainty in a parameter (such as turbine effi-
ciency or nethead) is a combination of “systematic” uncer-
tainties, which are generally due to uncertainty in
instrumentation accuracy and calibrations, geometric

Student’s t statistic can be interpreted as a correction
factor, recognizing that as N becomes small, the uncer-
tainty in the mean becomes larger, because the computa-
tion of the sample standard deviation relies on fewer
measurements. In effect, it accounts for the uncertainty
in the computed sample standard deviation. For large
N, the approximation that ¢ = 2 is adequate for practical
applications, simplifying the analyses with no significant
loss of accuracy.

measurejments, etc., and “random” uncertainties, which
generally arise from variations in the quantities being
measurdd or in the repeatability of the measurement
systems.

The systematic uncertainty is determined from analysis
of calibraition equipment, calibration history, measuring
equipmgnt, manufacturer’s specifications, published
guidelings, engineering judgement, etc.

The rgndom uncertainty is generally determined from
the statigtics of the measurement record.

Given|a set of N measurements of parameter X, the
sample mean Xis an estimate of the true mean and is

given by
— 1 N
X = Ezi=1xf

is the value of an individual measurement in the

(2)

where X;
sample.

The sgmple standard deviation sy is given by

S T

The random standard uncertainty of actual valueof the
mean Sx|is given by

(3)

SX

IN

normally distributed population the interval
s expected to contain the true population
out 68% of the titme/ With a large number of
(N > 30), the interval 2sy is expected to
he true poputlation mean 95% of the time.
uation fofs% shows that the random standard
ity in_théunean value can be reduced by taking
more mgasufements (i.e., increasing N), with the caveat
that the measurements be spaced far enough apart in time

4

Sy =

For a
X +sx 1
mean al
sampled
contain {

This e
uncertai

As discussed above, systematic uncertainty cah be
determined from published information, special“data,
and engineering judgment. It is often the case)thaf the
uncertainty for a single (elemental) parameter'is spedified
atthe 95% confidence level. For example, avoltmeterjmay
be specified by the manufacturer to have an accuracy] of +
0.02% of reading at the 95% confidehce level. In this|case
the systematic “standard” uncertainty in the voltagg, b,
would be expressed by

TN (5)

where By is the-Systematic uncertainty at the 95% cpnfi-
dence level.

Thus, the systematic standard uncertainty foy
voltage measurement would be 0.02%/2 = 0.01%.

Note’that in the above equation, the denominator]of 2
expresses the assumption that ¢ = 2. In many, if not rpost,
cases there is no way of determining the value of t for a
Systematic uncertainty, so the assumption that ¢t = 2[may
be the only practical approach.

The total standard uncertainty, including systematic
and random uncertainty, in a measurement # 5 is givegn by

the

(6

Inthe case oflarge N (i.e., N> 30, t = 2), the uncertainty at
the 95% confidence level is then given by
Ux

Zu)—( (7)

However, if N is small (N < 30), then the random urjcer-

tainty should be modified by Student’s ¢ statistic. In| this
case, the total standard uncertainty at the 95% confidence

level is given by
V@) + (59
5 (8)

Ux

that there is no correlation of the random component
between the individual measurements.

For a normally distributed population with a small
number of samples (N < 30), the factor of 2 in the
95% confidence interval given above is replaced by
Student’s t statistic, which is tabulated in Table 7-3-1.
The 95% confidence interval is then expressed as
X + tsy rather than X + 2s5.

74

[ 2
PO ey

For elemental random standard uncertainties, i.e., the
uncertainty associated with a single measurement, the
degrees of freedom, v, is defined by

v=N-1 9)
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Table 7-3-1 Two-Tailed Student’s t Table for the 95%
Confidence Level

7-3.2 Sensitivity Coefficients

The relative sensitivity of a result (dependent param-

Degrees of Degrees of eter), R, due to changes in a particular independent pa-
Freedom v ¢ Freedom v t rameter, X, is given by using a Taylor series approximation
1 12.706 16 2.120 to define a sensitivity coefficient for the parameter, 6;:
2 4303 17 2.110
OR
3 3.182 18 2.101 = — (10)
0X;
4 2.776 19 2.093
5 257 28 2:686 The error in the result, OR; due to an error_ih the pa-
6 2.447 21 2.080 rameter, 6X;, is then approximated by
7 2.365 22 2.074
6Ri = 91' . 6Xi (11)
8 2.306 23 2.069
9 2.262 24 2.064 Thus an error in a parameter with a large s¢nsitivity
10 2.228 25 2.060 coefficient will have a proportienally larger confribution
11 2.201 26 2.056 to the overall error in the result than one witlh a small
12 2.179 27 2.052 sensitivity coefficient. The/sane will be true of uhcertain-
13 2.160 28 2.048 ties, as is discussed in.the*hext subsection.
14 2.145 29 2.045 Returning to turbBinge efficiency as an example, the
15 2131 30 2.042 following sensitivity coeffi.cients for efficiency nr can
be computed front the efficiency equation:
GENBRAL NOTE: Student’s t may be computed from the following on 1
empifical equation for other values of v: Op = —T) = —
236 32 52 OXp PgHQ
t=1.96 + - + 3384
v v v 6 _ a”T PT
H — P - 2
X1 PgHQ
I Pr
. O = x| =~ 5 (12)
7-3.'[1 Correlated Uncertainties Q PgHQ
The relationships given above for combining individual 0 = o | _  Pr
uncdrtainties assume that these uncertainties areuncor- 8 - 0Xy B ngHQ
related. This may not always be the case. Take for;example, 3
flowjmeasurement of the total discharge fronythree pipes 9/) - |2 _ 2PT
carrying approximately equal loads by an acoustic time- X, P gHQ

of-flijght method. The total flow is the sum of the flows from
the three pipes.

Ifthree separate flowmeters calibrated using different
stanfdards are used, then the.systematic calibration errors
of thle flowmeters may be-considered uncorrelated. When
the ffotal relative flow uncertainty is computed, the uncer-
tainfy due to the flowmeter calibration is reduced by a
factgr of \/3 , because the sign of the errors is not corre-
lateq (this is/shown later in this Section).

If Jhowever, the same instrument is used to measure the
indiyidualpipe discharges, then the sign of the systematic
calijration error is clearly correlated, and the systematic

Dividing each coefficient by n+ (the result R in this case)
leads to the following simple relationships for cqmputing
relative uncertainties

o
iy
O
T
%
T

%

—

sl
~

o=

(13)

uncertainty in the total flow due to flowmeter calibration
isnotreduced by a factor of+/3.Some degree of correlation
may also exist if the same standard is used to calibrate the
three flowmeters.

The possibility that measurement errors may be corre-
lated should be carefully considered when combining
uncertainties. ASME PTC 19.1 should be consulted for
further guidance on how to handle correlated errors
under various circumstances.
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Uiy
%

Uiy

= wl= o=

The determination of the density of water is usually
based on temperature measurement of the water. With
an ordinary thermometer, this parameter is easily
measured within 2°C uncertainty. At 20°C, this uncer-
tainty leads to a relative uncertainty in the density of
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only about 0.04%. Thus, the uncertainty in density may
usually be neglected. A similar line of reasoning applies to
the determination of g.

7-3.3 Uncertainty of a Result

The absolute standard random uncertainty of a result,
Sg, is given by

N

2
(Zszl (sx1))
y& sz’

k=1

nu = (20)

where
K = the number of parameters used to compute the
random standard uncertainty
v, = the appropriate degrees of freedom for sx;

® = { Y Osx) } 0
i=1
m is the number of parameters that contribute to
the uncg¢rtainty in the result and sx; is the standard
random luncertainty of the mean for parameter i.
The refative standard random uncertainty of a result is
given by

Wherg

7-3.4 Combining Uncertainties for Common
Mathematical Operations

Several useful specific forms for propagation of u
tainties are given below.

(a) Sum or Difference of Two Parameters. If a resylt is
computed as the sum or difference of two parametgrs

cer-

m 1/2 R = x££y (21)
sx. 2
R _ PIACE=y (15)
R = 'R then the absolute uncertainty in the result is given|by
= /2
2
The apsolute standard systematic uncertainty of a SR & (d—R§x> + (dRéy]
result by is given by Ox dy (22)
1/2 1/2
m =[5 + &7
- b )? (16) [ Y
b = |3 00)
i=1 and ‘the relative uncertainty is given by
The relative standard systematic uncertainty of a result 2 21/2
is given py UR=5_R= [ Ox ) +[ oy ) (23)
mo( pe )\
br _ 3 g (17)
. 'R (b) Special Case: Uncorrelated Parameters of Apploxi-
i=1 mately Equal Value. Suppose that x and y are appfoxi-
1 1 h imdtel
For tHe computation the relative(uncertainties in mately equal and that ox and 6y. are approximgtely
0 equal and are uncorrelated, as might be the cas¢ for
turbine efficiency, the terms E’ in the above equations the random uncertainties in a flow measurement|in a
can be rgplaced by the simple rfelations given by eq. (13). 'two-bay intake, where x and y are the flows in the|two
intakes.
In the ¢ase of alarge number degrees of freedom (v > 30; In thi h
t = 2), the overall standarduncertainty in a result is given n Hhis case, we have
by 2 2H/2
- Ue = OB o [5_96) 4 [5_x) _ L(@) (24)
g = \/blzg + 512{ (18) R=R 7|\ 2 V2 \ x
The urjcertainty at the 95% confidence level is Ug = 2up. Thus the uncertainty in the overall result is less thap the
In the[case of a small number of degrees of freedom,  yncertainty in the parameter. For example, ifthe flowlrate

Student’s t static can be obtained from Table 7-3-1,
and the 95% level uncertainty is given by

J@bp)* + (1sp)?

> ()
2 bR"‘(ESR) f

The degrees of freedom nu in this case can be estimated
from the Welch-Satterthwaite formula

Ur

(19
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in each individual bay has an uncertainty of 2%, the
combined uncertainty would be 2/+/2 = 1.41%. This
result assumes that the uncertainties are uncorrelated.

(c) Average of Two Parameters. If a result is computed
as an average of two parameters

R= %(x +) (25)

then the absolute uncertainty in the result is given by
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R \2 R 212 Thus the relative uncertainty for the quotient of two
0R = (—éx) + [—éy] parameters is the same as for the product of two param-
Ox (’) eters.
C ] (26)  7-3.5 Application Over a R f Operati
_ [(_5x> + (_5y> } -5 Application Over a Range of Operating
2 2 Conditions
= l[(5x)2 + (5)1)2]1/2 Measurements (e.g., power output) or determinations
2 of results (e.g., turbine efficiency) of parameters over a
i _ _ i range of npnrafing conditions may ncna”y be :Xpected
and (the relative uncertainty is given by to follow a smooth curve. For instance, turbine\gfficiency
2 /2 (the dependent parameter) may be expected to be a
Ug = oR _ 1 [ Ox ) + [ % ) (27) smooth function of the power output (the ind¢pendent
R 2\x+y x+y parameter) for a given head. However,tést measyrements
or results will deviate from a smoeth curve plotted over a
(d) Product of Two Parameters. For a result computed ~ range of operating conditions, reflecting random (repeat-
as a|product of two parameters: ability) errors in the undérlying measurements. The
R=x-y 28) deviation of these computed results from thg smooth
curve can be used to“determine the uncertajnty of a
The absolute uncertainty in the result is given by result over a range of-Operating conditigns. In pract.ice,
the smooth curvé:fits are often made using polynomials
R \2 R 1/2 of up to the fifth-order, although other functionf may be
0R = (—(Sx) + [—éy) employed. The use of a least-squares curve fit to felate the
Ox % (29) two paramieters is the most common method of fltting the
B ) HL/2 smooth curve.
= [(y5x) + (xdy) ] The-standard deviation of the sample mean in|this case
isithe standard deviation of the difference of the jndepen-
and [the relative uncertainty is given by dent measured parameter (e.g., turbine efficienlcy) from
H1L/2 the curve fit to that parameter as a function of fhe inde-
SR (6« 2 5y (30) pendent parameter. For example, suppose turbine effi-
UR = R (7) = ciency, n, is plotted as a function a power ofitput, P,
4 and a fifth-order polynomial relating these two|parame-
ters is determined by a least-squares technique, fesulting
Note that in the case of a product, the pverall relative in the following relationship:
uncgrtainty is the RSS of the individual relative uncertain- R 5 3 4 ) 34)
ties. N =cy+ P+ cP” + 3P~ + c4P" + 5P
(e) Quotient of Two Parameters(For a result computed
as a|quotient of two parameter§: where ¢y through cs are the polynomial coefficignts. The
£ standard deviation of the difference between thq test effi-
R (31)  ciencies and the curve fit is then given by
7 N 1/2
. . . . 1 ~
The absolute ur»1certamty in the resulljzls given by S, = Oy Z (n, - ,7)2 (35)
2 2 i=1
SR/= ((’—Rax) + ("Ray] o o _
Ox oy where n; are the individual efficiencies, 7 is the cyrve fit of
) 12 (32) the efficiency as a function of power, N is the n;[:lmber of
()2 . \2] measurements, and M is the number of coefficignts to be
=1[=1 + l——zfsyJ determined (the polynomial coefficients in the example
| 4 Y above, for which M = 6).
The standard deviation of the sample mean (random
and the relative uncertainty is given by standard uncertainty) for the turbine efficiency over
X /2 the range of power outputs is then given by
U= R = (5_x) + [‘iy] (33) Sy = Sy/NN (36)
R x y

77
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Table 7-3.6-1 Modified Thompson t
(at the 5% Significance Level)

The Modified Thompson t Technique is recommended
for testing possible outliers. The following is a summary of
the technique. A more complete discussion with example
is given in ASME PTC 19.1.

Let y; be the value of the observation y that is most

remote from Y, the arithmetic mean value of all observa-
tions in the set, and S be the estimated standard deviation
of all observations in the set. Then, if the value of

d= |1: = ?' is greater than the product =S the value Vi
[=) r 4 1

N T N T

3 1.150 22 1.893

4 1.393 23 1.896

5 1.572 24 1.899

6 1.656 25 1.902

7 1.711 26 1.904

8 1.749 27 1906

9 1.777 28 1.908

10 1.798 29 1.910

11 1.815 30 1911

12 1.829 31 1.913

13 1.840 32 1.914

14 1.849 33 1916

15 1.858 34 1917

16 1.865 35 1.919

17 1.871 36 1.920

18 1.876 37 1.921

19 1.881 38 1.922

20 1.885 39 1.923

21 1.889 40 1.924
It shoyld be noted that the “random” error determined
from a cyrve fit will depend not only upon the “scatter” in
the meaqurements, but also upon the appropriateness of
the curvg used for the curve fit. For instance, if turbine
efficiendy is graphed as a function of power outputya
second-grder polynomial will generally not follow: the
“true” cyrve very well. This will lead to an @rtificially
high estimate of uncertainty. The use of a higher order

inspectinjg'the  derived curve fit.

71
is rejected as an outlier. The value of 7 is ebtajned
from Table 7-3.6-1.

Afterrejectingan outlier, Y and S are recalculdted fof the
remaining observations. Successive applications off this
procedure may be made to test othér possible outliers,
but the usefulness of the testing-procedure diminishes
after each rejection.

All sets of readings should. be examined for outjiers
before computations are fmade. All significant quantjties,
such as Q, H, P, and 1 should be tested for outliers. Thq test
should also be appliedto curves fit to test data over arange
of operating conditions.

7-3.7 Typical Values of Uncertainty

Thefollowing paragraphs present typical uncertaipties
(including both systematic and random errors) whichjmay
Beattainable with calibrated instrumentation and nofmal
test conditions. The values listed below for spefcific
measurements are for general guidance only, anfl do
not take the place of a full uncertainty analysis applied
to each parameter. This general list is not comprehenfsive,
and all uncertainties associated with each test meagure-
ment should be identified and separately addressed.

7-3.7.1 Flow Rate Uncertainty

(a) Current meter method
(1) Conduits from 1.2 m to 1.5 m (4 ft to p ft)
diameter, +1.2%
(2) Conduits of more than 1.5 m (5 ft) diamgter,
+1.0%
(3) In an intake, +1.75%
(b) Pressure-time method, #1.0%
(c) Ultrasonic method (two crossing planes, four gaths
each), £1.0%
(d) Dye dilution method, +1.5%

7-3.6 Outliers

All measurement systems may produce spurious data
points, also known as outliers, strays, mavericks, rogues,
or wild points. These points may be caused by temporary
or intermittent malfunctions of the measurement system
or the system being measured. Such points are considered
to be meaningless as steady-state test data, and shall be
discarded.

7-3.7.2 Head Uncertainty

(a) Measurement of free water level difference, h
(1) Point gauge, hook gauge, or float gauge
(-a) £(1/h)% (SI units)
(-b) %£(3.2/h)% (U.S. Customary units)
(2) Plate gauge, fixed
(-a) =(5/h)% (SI units)
(-b) +(16.4/h)% (U.S. Customary units)
(b) Pressure uncertainty
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(1) Deadweight gauge, +0.1%
(2) Height of mercury, h
(-a) £(0.1/h")% (SI units)
(-b) #(0.32/h")% (U.S. Customary units)
(3) Spring pressure gauge, +0.5%
(4) Transducers, +(0.1 to 0.5)%

7-3.7.3 Power Uncertainty. When using the generator
as a dynamometer, with meter class instrument transfor-

mers,

+0.504

7-3.7.4 Speed Uncertainty. Electric counter and other
precision speed-measuring devices = +0.1%.

7-3.7.5 Efficiency Uncertainty for the Thermody-
namic Method

(a) gross head from 100 m to 200 m (328 ft to 656 ft),
*+1.3%

(b) grosshead from 200 mto 500 m (656 ft to 1,640 ft),
*+1.0%

(c) gross head >500 m (>1,640 ft), +0.7%
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MANDATORY APPENDIX I
TABLES OF PHYSICAL PROPERTIES

I-1 PHYSICAL PROPERTIES

This Appendix provides tables of physical properties for use in the equations in this Code. The values t6 be used are
those cofresponding to the site specific test conditions. See Tables I-1-1 through I-1-9 (Tables I-1-1C,through I-1{8C).

Table I-1-1 Acceleration of Gravity as a Function of Latitude and Elevation, SI Units (m/s?)

Altitude Above Mean Sea Level, Z, m

Latitude, ¢, deg 0 500 1000 1500 2000 2500 3000 350
0 9.78036 9.77881 9.7%727 9.77573 9.77418 9.77264 9.77110 9.76956
10 9.78191 9.78037 9.7:7882 9.77728 9.77574 9.77419 9.77265 9.77111
20 9.78638 9.78484 9.78330 9.78175 9.78021 9.77867 9.77712 9.775%8
30 9.79324 9.79170 9.79016 9.78861 9.78707 9.78553 9.78399 9.78244
40 9.80167 9.80013 9.79858 9.79704 9.79550 9.79396 9.79241 9.79087
50 9.81065 9.80911 9.80757 9.80602 9.80448 9.80294 9.80139 9.79985
60 9.81911 9.81756 9.81602 9.81448 9.81293 9.81139 9.80985 9.80880
70 9.8260% 9.82446 9.82292 9.82138 9.81983 9.81829 9.81675 9.81520
80 9.83051 9.82897 9.82743 9.82588 9.82434 9.82280 9.82126 9.819f1
90 9.83208 9.83054 9.82899 9.82745 9.82591 9.82436 9.82282 9.821p8

GENERAL [NOTES:
(a) Refergnceilide, D. R, Editor, CRC Handbook of Chemistry and Physics, 90th Edition, CRC Press, New York, 2009.
(b) Gravitptional acceleration equation given in the reference noted in General Note (a) above is

6

g = 9.780356(1 + 0.0052885 sin?® — 0.0000059 sin22¢) — 3.086 x 10~ °Z

where
g = acceleration, m/s?
7 = elevation, m
¢ = latitude, deg
(c) Conversion to U.S. Customary units: g (ft/sec;) = g (m/s;)/0.3048
(d) The standard value of gravitational acceleration adopted by the International Bureau of Weights and Measures is g = 9.80665 m/s* (32.17405
ft/sec?).
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Table I-1-1C Acceleration of Gravity as a Function of Latitude and Elevation, U.S. Customary Units (ft/sec?)

Altitude Above Mean Sea Level, Z, ft

Latitude, ¢, deg 1] 2,000 4,000 6,000 8,000 10,000 12,000
0 32.0878 32.0816 32.0754 32.0693 32.0631 32.0569 32.0508
10 32.0929 32.0867 32.0805 32.0744 32.0682 32.0620 32.0558
20 32.1076 32.1014 32.0952 32.0890 32.0829 32.0767 32.0705
30 32.1301 32.1239 32.1177 32.1115 32.1054 32.0992 32.0930
40 32.1577 32.1515 32.1454 32.1392 32.1330 32.1269 32.1207
50 32.1872 32.1810 32.1748 32.1687 32.1625 32.1563 321501
60 32.2149 32.2087 32.2026 32.1964 32.1902 32.1841 321779
70 32.2375 32.2314 32.2252 32.2190 32.2129 32.2067 322005
80 32.2523 32.2462 32.2400 32.2338 32.2277 32.2215 322153
90 32.2575 32.2513 32.2451 32.2390 32.2328 322266 322204
GENBRAL NOTES:
(a) Reference: Lide, D. R., Editor, CRC Handbook of Chemistry and Physics, 90th Edition, CRC Press, New~York, 2009.
(b) Gravitational acceleration equation given in the reference noted in General Note (a) above is
g = 9780356 (1 + 0.0052885sin’® — 0.0000059 sin”2d) "3.086 x 10~ %z
here
g = acceleration, m/s?
Z = elevation, m
¢ = latitude, deg
(&) Gonversion to U.S. Customary units: g (ft/sec®) = g (m/s?)/0.3048
(d) The standard value of gravitational acceleration adopted by the Interpational Bureau of Weights and Measures is g = 9.80665 m/s%|(32.17405

f

/sec?).
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Table I-1-2 Vapor Pressure of Distilled Water as a Table I-1-2C Vapor Pressure of Distilled Water as a
Function of Temperature, Sl Units (kPa) Function of Temperature, U.S. Customary Units (Lbf/in.?)
Vapor Vapor Vapor Vapor
Temperature, Pressure, p,,, | Temperature, Pressure, p,,, Temperature, Pressure, p,,, | Temperature, Pressure, p,,,
T, °C kPa T, °C kPa T, °F Ibf/in.? T, °F Ibf/in.?
0 0.6112 21 2.488 32 0.08865 74 0.41599
1 0.6571 22 2.645 34 0.09607 76 0.44473
2 0.7060 23 2.811 36 0.10403 78 0.47518
3 07581 24 2986 38 011258 30 050744
4 0.8135 25 3.170 40 0.12173 82 0.5415p
5 0.8726 26 3.364 42 0.13155 84 0.5777R
6 0.9354 27 3.568 44 0.14205 86 0.6159B
7 1.002 28 3.783 46 0.15328 88 0.6563p
8 1.073 29 4.009 48 0.16530 90 0.6989p
9 1.148 30 4.247 50 0.17813 92 0.7440p
10 1.228 31 4.497 52 0.19184 94 0.7916[L
11 1.313 32 4.759 54 0.20646 96 0.8417B
12 1.403 33 5.035 56 0.22206 98 0.8946B
13 1.498 34 5.325 58 0.23868 100 0.9504j4
14 1.599 35 5.629 60 0.25639 102 1.0092
15 1.706 36 5.947 62 0.27524 104 1.0710]
16 1.819 37 6.282 64 0.29529 106 1.1361
17 1.938 38 6.632 66 0.31662 108 1.2046
18 2.065 39 7.000 68 0.33927 110 1.2766
19 2.198 40 7.384 70 0.36334 112 1.3523
20 2.339 72 0.38889

GENERAL [NOTES: GENERAL NOTES:

(a) Refergnce: Parry, W.T., et al, ASME International Steam Tables, (a) Reference: Parry, W.T., et al, ASME International Steam Thbles,
2nd BEdition, American Society of Mechanical Engineers, New 2nd Edition, American Society of Mechanical Engineers| New
York, R009. York, 2009.

(b) The vppor pressure of water can be calculated betweéen the (b) The vapor pressure of water can be calculated betweep the
tempgratures 0 < T < 40°C using the empirical equation: temperatures 0 < T < 40°C using the empirical equation:

By = 1027862+ 0.0312T — 0.00010% T2 By = 102-7862+0.0312 T—0.000104 T?
with gn error smaller than + 0.009 kPa. with an error smaller than + 0.009 kPa.

(c) Conversion factors to U.S. Customaty Units: (c) Conversion factors to U.S. Customary Units:

T(°F) = T(°C). X _1)8 + 32 T(°F) = T(°C) X 1.8 + 32
va(lbf/in.z) = (B(kPa) x 1000 x (0.3048/12)%/ B,p(lbf/in.z) = B,(kPa) X 1000 x (0.3048/12)%/
(0.45359237 X 9.80665) (0.45359237 X 9.80665)
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Table I-1-3 Density of Dry Air, SI Units (kg/m>)

Temperature, T, °C

Altitude, Z, m -20 -10 0 10 15 20 30 40 50
0 1.3944 1.3414 1.2923 1.2466 1.2250 1.2041 1.1644 1.1272 1.0923
500 1.3137 1.2637 1.2175 1.1745 1.1541 1.1344 1.0970 1.0620 1.0291
1 000 1.2368 1.1898 1.1462 1.1058 1.0866 1.0680 1.0328 0.9998 0.9689
1 500 1.1636 1.1194 1.0784 1.0403 1.0223 1.0048 0.9717 0.9407 0.9115
2 000 1.0940 1.0524 1.0139 0.9780 0.9611 0.9447 0.9135 0.8844 0.8570
2500 1.0277 0.9887 0.9525 0.9188 0.9029 0.8875 0.8582 0.8308 0.8051
3 000 0.9648 0.9281 0.8941 0.8626 0.8476 0.8331 0.8057 0.7799 0.7558
3500 0.9050 0.8706 0.8387 0.8091 0.7951 0.7815 0.7557 0.7316 0.7090
4 000 0.8482 0.8160 0.7861 0.7584 0.7452 0.7325 0.7083 06857 0.6645
GENKRAL NOTES:
(a) Reference: U.S. Standard Atmosphere, U.S. Government Printing Office, Washington, D.C., 1976.
(b) Air density p, (kg/m>) at temperature T (8°C) and elevation Z (m) is computed from the U.S. Standard &fmosphere 1976 formjulation for
Hressure, using the ideal gas law to account for the effect of temperature
n = 3529838 (1 55558 x 10752
(273.15 + T)
The use of the geometric elevation Z instead of the geopotential elevation specified in the.reference produces densities accurat to within
40.033%.
() Gonversion factor: p, (slug/ft*) = p, (kg/m>) x (0.3048)*/(0.45359237 x 9.80665)
Table I-1-3C Density of Dry Air, U.S. Customary Units (slug/ft’)
Temperature, T, °F
Altitude, Z, ft 0 20 40 60 80 100 120
0 0.002682 0.002570 0.002467 0.002372 0.002284 0.002203 0.q02127
1,000 0.002586 0.002479 0:002379 0.002288 0.002203 0.002124 0.402051
2,000 0.002494 0.002390 0.002294 0.002206 0.002124 0.002048 0.q01977
3,000 0.002404 0.002303 0.002211 0.002126 0.002047 0.001974 0.q01906
4,000 0.002316 0.002220 0.002131 0.002049 0.001973 0.001902 0.q01837
5,000 0.002232 0.002138 0.002053 0.001974 0.001901 0.001833 0.401770
6,000 0.002149 0:002060 0.001977 0.001901 0.001831 0.001765 0.q01704
7,000 0.002069 0.001983 0.001904 0.001831 0.001763 0.001700 0.g01641
8,000 0.001992 0.001909 0.001833 0.001762 0.001697 0.001636 0.001580
9,000 0.001917 0.001837 0.001764 0.001696 0.001633 0.001575 0.001520
10,000 0:001844 0.001767 0.001697 0.001631 0.001571 0.001515 0.g01463
11,000 0.001774 0.001700 0.001632 0.001569 0.001511 0.001457 0.q01407
12,000 0.001706 0.001635 0.001569 0.001509 0.001453 0.001401 0.q01353
GENHRAL NOTES:
(a) Referencé: UsS. Standard Atmosphere, U.S. Government Printing Office, Washington, D.C., 1976.
(b) Air density p, (kg/m>) at temperature T (8°C) and elevation Z (m) is computed from the U.S. Standard Atmosphere 1976 formjulation for
Hressure, using the ideal gas law to account for the effect of temperature

DI4.7000

_5 ~‘\JJ
=—""" (1-122558 X 10"°Z
(273.15 + T)( )

a

The use of the geometric elevation Z instead of the geopotential elevation specified in the reference produces densities accurate to within
+0.033%.
(c) Conversion factor: p, (slug/ft®) = p, (kg/m>) x (0.3048)*/(0.45359237 x 9.80665)
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Table I-1-4 Density of Mercury, Sl Units (kg/m?)

Table I-1-4C Density of Mercury, U.S. Customary Units

Temperature, Density, p, Temperature, Density, p, (slugs/ fts)
T,°C kg/m® T, °C kg/m® Temperature, Density, p, Temperature, Density, p,
-10 13619.8 16 13555.7 T, °F slugs/ft* T, °F slugs/ft*
-9 13617.3 17 13553.3 20 26.4108 66 26.2887
-8 13614.8 18 13550.8 22 26.4054 68 26.2834
-7 13612.4 19 13548.3 24 26.4001 70 26.2781
-6 13609.9 20 13545.9 26 26.3948 72 26.2728
- 136074 21 13543 28 26:3895 ai 26267
-4 13605.0 22 13541.0 30 26.3841 76 26:262
-3 13602.5 23 13538.5 32 26.3788 78 26,256
-2 13600.0 24 13536.1 34 26.3735 80 26.251
-1 13597.6 25 13533.6 36 26.3682 82 26.2464
0 13595.1 26 13531.2 38 26.3629 84 26.241
1 13592.6 27 13528.7 40 26.3576 86 26.235
2 13590.2 28 13526.3 42 26.3523 88 26.230
3 13587.7 29 13523.8 44 26.3470 90 26.225
4 13585.2 30 13521.4 46 26.3416 92 26.220
5 13582.8 31 13518.9 48 26.3363 94 26.214
6 13580.3 32 13516.5 50 26.3310 96 26.209
7 13577.8 33 13514.1 52 26.3257 98 26.204
8 13575.4 34 13511.6 54 26.3204 100 26.198
9 13572.9 35 13509.2 56 26.3151 102 26.193
10 13570.5 36 13506.7 58 26.3098 104 26.1884
11] 13568.0 37 13504.3 60 26.3045 106 26.183
12 13565.5 38 13501.8 62 26.2992 108 26.177
13 13563.1 39 13499.4 64 26.2940 110 26.172
14 13560.6 40 13497.0 GENERAL NOTES:
15 13558.2 (a) Reference: ASME Fluid Meters, 6th Edition, 1971, Table If-1-2
(b) The above table is computed from the following equatior:
GENERAL [NOTES:
(a) Referdnce: ASME Fluid Meters, 6th Edition, 1971, Table 11-1-2. p = (851457 — 0.0859301T + 6.20046 X 10~ T?)x
(b) The apove table is computed for atmosphericypressure. At 100 (0.3048/9.80665)
atm, the density of mercury changes by only 0:018%. Therefore,
the cdmpressibility of mercury at pressures normally seen in where
hydralic machine operations may be neglected. p = density, slugs/ft>
(c) Conversion factors from U.S. Customary Units: T = temperature, °F
T(°C) = (T(°F)=32)/1.8 Computed values agree with the referenced table to within
palkg/m®) = pa(slug/ft®) x (0:45359237/9.80665)/(0.3048)* +0.0001%

(c) The above table is computed for atmospheric pressure. Ax 100
atm, the density of mercury changes by only 0.018%. Thergfore,
the compressibility of mercury at pressures normally sefen in
hydraulic machine operations may be neglected.
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Table I-1-5 Atmospheric Pressure, Sl Units (kPa)

Table I-1-5C Atmospheric Pressure, U.S. Customary

Units (Lbf/in.?)

Altitude, Z, m Atmospheric Pressure, p,, kPa
0 101.325 Altitude, Z, ft Atmospheric Pressure, p,, lbf/in.2
500 95.461 0 14.6959
1 000 89.875 1,000 14.1726
1 500 84.556 2,000 13.6644
2 000 79.495 3,000 13.1711
2 500 74.682 4,000 12.6923
3 000 70.108 5,000 12.2277
3500 65.764 6,000 11.7770
4 000 61.640 7,000 11.3398
GENBRAL NOTES: 8,000 109159
(a) Reference: U.S. Standard Atmosphere, U.S. Government Printing 9,000 10.5048
ffice, Washington, D.C. 1976. 10,000 101064
©) frommren (10 steomton 2 scompusd o LS yyno
12,000 9.3463

@]

(4

g (52559
g, = 101325(1 - 22558 x 107°2)

The use of geometric elevation Zinstead of the geopotential eleva-
flon specified in the reference produces pressures accurate to
within £0.033%

onversion factor: p, (Ibf/in.?) = p, (kPa) x 1000 x (0.3048/12)?/
10.45359237 x 9.80665)

GENERAL NOTES:

(a) Reference: U.S. Standard Atmosphere, U.S. Governme
Office, Washingten,'D.C., 1976.

(b) Air pressure p,\(kPa) at elevation Z (m) is computed fr
Standard.Atmosphere 1976 formulation

5, 52559
p, = 101.325(1 — 22558 X 10™°Z)

(c) The'use of the geometric elevation Z instead of the gd
elevation specified in the reference produces pressur
to within +0.033%.

(d) Conversion factor: p, (Ibf/in.%) = p, (kPa) x 1000 x (0.3
(0.45359237 x 9.80665)

ht Printing

m the U.S.

opotential
s accurate

048/12)%/
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Table I-1-6 Density of Water as Function of Temperature and Pressure, Sl Units (kg/m3)

Absolute Pressure, p,p,s, kPa

Temperature,
T, °C 100 101.325 500 1 000 2 000 3000 4 000 5000 10 000 15 000
0 999.84 999.85 1 000.05 1 000.30 1 000.81 1 001.32 1001.82 1 002.32 1 004.82 1 007.30
1 99990 99990 1 000.11 1 000.36 1 000.86 1 001.36 1001.86 1 002.36 1 004.85 1 007.30
2 999.94 999.95 1 000.15 1 000.40 1 000.90 1 001.39 1 001.89 1 002.39 1 004.85 1 007.29
3 999.97 999.97 1 000.17 1 000.42 1 000.91 1001.41 1 001.90 1 002.40 1 004.85 1 007.27
4 999.97 999.98 1 000.17 1 000.42 1 000.91 1001.41 1 001.90 1 002.39 1 004.82 1 007.23
5 999.97 999.97 1 000.16 1 000.41 1 000.90 1 001.39 1001.88 1 002.36 1 004.78 1,007.17
6 999.94 999.94 1 000.14 1 000.38 1 000.87 1 001.36 1001.84 1002.33 1 004.73 1,007.11
7 999.90 999.91 1 000.10 1 000.34 1 000.83 1001.31 1 001.79 1002.27 1 004.66 1 007.03
8 999.85 999.85 1 000.04 1 000.29 1 000.77 1 001.25 1001.73 1002.21 1 004.58 1 0064.93
9 999.78 999.78 999.98 1 000.22 1 000.69 1001.17 1 001.65 1002.13 1.004:49 1 004.83
10 999.70 999.70 999.89 1 000.13 1 000.61 1 001.08 1 001.56 1 002.03 1-004.38 10064.71
12 999.50 999.50 999.69 999.93 1 000.40 1 000.87 1001.34 1 001.8% 1 004.13 1 006.44
14 999.25 999.25 999.43 999.67 1 000.14 1 000.60 1 001.07 1 00153 1 003.84 1006¢.12
16 998.94 998.95 999.13 999.36 999.83 1 000.29 1 000.75 1 001.21 1 003.50 1 00%.76
18 998.60 998.60 998.78 999.01 999.47 999.93 1 000.39 17000.85 1 003.11 1 00%.36
20 998.21 998.21 998.39 998.62 999.07 999.53 999.98 1 000.44 1 002.69 1 004.92
22 997.77 997.77 997.96 998.18 998.64 999.09 999.54 999.99 1 002.23 1 004.44
24 997.30 997.30 997.48 997.71 998.16 998.61 999.05 999.50 1001.73 1003.93
26 996.79 996.79 996.97 997.19 997.64 998.09 998.53 998.98 1 001.19 1 003.38
28 996.24 996.24 996.42 996.64 997.09 997:53 997.97 998.42 1 000.62 1 002.80
30 995.65 995.65 995.83 996.05 996.50 996.94 997.38 997.82 1 000.01 1002.18
32 995.03 995.03 995.21 995.43 995.87 996.31 996.75 997.19 999.37 1001.54
34 994.38 994.38 994.56 994.78 995.22 995.66 996.09 996.53 998.71 1 000.86
36 993.69 993.69 993.87 994.09 994153 994.96 995.40 995.84 998.00 1 000.15
38 992.98 992.98 993.15 993.37 993.81 994.24 994.68 995.11 997.27 999.41
40 992.22 992.23 992.40 992.62 993.06 993.49 993.93 994.36 996.52 998.65
GENERAL [NOTES:
(a) The dpnsities given above were computed from the_following equation:
sk
P R@ +P273.15)
34 I-1 . -
Z - n,-I{7.1 - %] (T4 - 1222
Py p (T + 273.15)
wherg
p = absolute presgure; kPa
T o water temperature, °C
p = density of water, kg/m>
Conftlnts:
p ¥ 16,530 kPa
IE E 0461526 kJ/kg K
T =138 K

Refer to Table I-1-6.1 for the coefficients I, J;, and n;.
(b) Intermediate values may be interpolated or calculated from the equation given in General Note (a).

(c) Standard atmospheric pressure is 101.325 kPa [refer to Table I-1-5 (Table I-1-5C)]
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Table I-1-6C Density of Water as Function of Temperature and Pressure, U.S. Customary Units (slug/ft3)

Absolute Pressure, p.ps, lbf/in.3

Temperature, T, °F 14 14,696 15 25 50 100 200 500 1000 2000
32,036 1.94002 1.94002 1.94002 1.94009 1.94026 1.94060 1.94128 1.94331 1.94667 1.95332

34 1.94014 1.94014 1.94014 1.94021 1.94038 1.94072 1.94139 1.94341 1.94674 1.95334
36 1.94022 194022 1.94023 1.94029 194046 1.94080 1.94146 194346 194677  1.95332
38 1.94026  1.94027 194027 194033 194050 194083 1.94150 1.94348 194677 195327
40 1.94026  1.94027 1.94027 194034 194050 194083 194149 194346 1.94672 1.95318
42 1.94023 1.94023 1.94024 1.94030 1.94047 1.94079 1.94145 1.94340 1.94664 1.95305
44 1.94016 1.94016 1.94016 1.94023 1.94039 1.94072 1.94137 1.94331 1.94653 1.95290
46 1.94005 1.94006 1.94006 1.94012 1.94028 1.94061 1.94125 1.94318 1.94638 1.95271
48 193991 1.93992 1.93992 193998 194014 194046 1.94110 1.94302 (194620 |1.95249
50 193974 193974 193974 193981 193997 194029 1.94092 1.94283 “1.94599 |1.95225
55 193916 193917 193917 1.93923 193939 193971 1.94034 1.94222° 194534 |1.95151
60 1.93841 1.93841 1.93841 1.93847 1.93863 1.93894 1.93956 194142 1.94450 1.95060
65 193747 193748 193748 193754 193770 1.93800 1.93862.° 1.94046 1.94350 |1.94953
70 1.93638 1.93638 193638 1.93645 1.93660 193690 1.93751% 1.93933 1.94235 |1.94832
75 193513 193513 193514 193520 193535 193565 193625 1.93806 1.94105 |1.94697
80 193373 193374 193374 193380 193395 1.93425 ,~1.93485 193664 1.93961 1.94548
85 1.93220 1.93221 1.93221 1.93227 1.93242 1.93271 1.93331 1.93509 1.93804 1.94387
90 1.93054 1.93054 1.93054 1.93060 1.93075 193105 1.93164 1.93341 1.93634 1.94214
95 1.92875 192875 1.92875 192881 192896 .+ 192926 192984 193160 1.93452 1.94029
100 192684 192684 192685 1.92690 1.92705. )'1.92734 192793 192968 193259 |1.93834
105 1.92481 192482 192482 192488 192503 192532 1.92590 1.92765 193054 |1.93628
110 1.92268 1.92268 1.92269 1.92274 192289 1.92318 1.92376 1.92551 1.92839 1.93411

GENHRAL NOTES:

(a) The densities given above were computed from the following-equation:

\

)
(b) 1
() 1

T*

. 34 -1
P P
p= — E — |71 - = — 1222
"= R(T + 273.15) ! ’( p*] ((T + 273.15)
=1

Vhere
p = absolute pressure, kPa
T = water temperature, °C
p = density of water, kg/m?

onstants:
p" = 16,530 kPa
T = 1,386 K
R = 0.461526 k]/kg\K

efer to Table [-1+6.1 for the coefficients I, J;, and n;.
htermediate values may be interpolated or calculated from the equation given in General Note (a).
he values/in‘this table were computed from the equation in General Note (a), using the following conversion factors:
FEF) = T (°C) x 1.8 + 32
pal(bf/in%) = p.ps (kPa) x 1000 x (0.3048/12)%/(0.45359237 x 9.80665)
pfslug/ft}) = p (kg/m3) x (0.3048)*/(0.45359237 x 9.80665)

(d)

ta*d*d_a_tm haxi e A4 606 Tf/in 2 Toofoy b0 moLlo 1 4 C (oo 11 CoY]
P 134 * 7 LS U J1
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Table I-1-6.1 Coefficients I;, J;, and n;

I I; Ji n;
1 1 -1 -1.89900E-02
2 1 0 -3.25297E-02
3 1 1 -2.18417E-02
4 1 3 -5.28383E-05
5 2 -3 -4.71843E-04
6 2 0 -3.00017E-04
7 2 1 4.76613E-05
8 2 3 -4.41418E-06
2 17 -7.26949E-16
10 3 -4 -3.16796E-05
11 3 0 -2.82707E-06
12 3 6 -8.52051E-10
13 4 -5 -2.24252E-06
14 4 -2 -6.51712E-07
15 4 10 -1.43417E-13
16 5 -8 -4.05169E-07
17 8 -11 -1.27343E-09
18 8 -6 -1.74248E-10

GENERAL [NOTES:

(a) Refergnce: Parry, W.T., et al, ASME International Steam Tables,
2nd Edition, American Society of Mechanical Engineers, New
York, R009.

(b) Therdferenced ASME steam tables are based on the IAPSW Indus-
trial Hormulation 1997.

(c) The alpove coefficients are a subset of the full Region 1 formulay,
tion dgfined in the reference, and yield densities within 0.01 kg/
m? (x.001%) of the full formulation in the range 0 < T'< 70 °Cand
0.5 < p < 20,000 kPa.
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Table I-1-7 Specific Heat Capacity of Water, ¢, (J/kg K), SI Units

Absolute Pressure, p,ps

Temperature,

T, °C 100 101.325 500 1000 2000 3000 4000 5000 10000 15000
0 421944 421943 421744 4214.96 4210.03 4205.15 4200.32 4195.53 4172.28 4150.12
1 4216.02 4216.01 4214.09 4211.68 420691 4202.18 4197.50 4192.86 4170.32 4148.84
2 421289 421288 4211.01 4208.68 4204.05 419947 4194.92 4190.42 4168.55 4147.70
3 4210.01 4210.01 4208.19 4205.93 4201.44 4196.99 4192.58 4188.21 4166.97 4146.71
4 420738 4207.37 4205.61 4203.41 4199.04 4194.72 4190.43 4186.19 4165.54 4145.83
5 420495 420495 4203.24 4201.10 419685 4192.64 4188.48 4184.34 4164.25 4145.07
6 4202.73 4202.72 4201.05 4198.97 419484 4190.74 4186.69 4182.66 4163.09 4144.40
7 4200.68 4200.67 4199.05 4197.02 419299 4189.00 4185.05 4181.13 4162:05 4143.82
8 4198.79 4198.79 4197.20 4195.23 419130 4187.41 4183.55 4179.73 4161.11 4143.32
9 4197.05 4197.05 4195.50 4193.58 4189.74 4185.94 4182.18 4178.44 4160.27 4142.88
10 419545 419545 4193.94 4192.05 418831 4184.60 4180.92 417727 4159.51 4142.51
12 4192.61 4192.60 4191.16 4189.36 4185.78 4182.23 4178.71 4475.22 4158.21 4141.92
14 4190.18 4190.17 4188.79 4187.06 4183.63  4180.22 4176.84 4173.50 4157.16 4141.50
16 4188.10 4188.10 4186.77 4185.10 4181.80 4178.52 417527 4172.05 4156.32 4141.23
18 4186.32 418632 4185.03 4183.43 4180.25 4177.09 417395 4170.84 4155.66 4141.07
20 4184.80 4184.79 4183.55 4182.01 417892  4175.87 4.172.84 4169.83 4155.13 4141.01
22 4183.50 418349 4182.29 4180.79 417781 4174.84 4171.90 4168.99 4154.73 4141.02
24 4182.39 418238 4181.22 4179.76 4176.86 4173.98 4171.13 4168.29 4154.44 4141.09
26 418145 418145 4180.31 4178.90 4176.07  4173.27 4170.49 4167.73 4154.24 4141.23
28 4180.67 4180.66 4179.56 4178.18 4175.43 ~4172.69 4169.98 4167.29 4154.12 4141.42
30 4180.02 4180.02 4178.94 4177.59 4174907, 4172.24 4169.59 4166.96 4154.08 4141.66
32 4179.51 4179.50 4178.45 417713 417450 4171.89 4169.29 4166.72 4154.12 4141.94
34 4179.11 4179.10 4178.07 4176.77 417420 4171.64 4169.10 4166.58 4154.22 4142.27
36 4178.82 417882 4177.80 4176.53 4174.00 4171.49 4169.00 4166.52 4154.38 4142.64
38 4178.64 4178.63 4177.64 4176439 417390 4171.44 4168.98 4166.55 4154.61 4143.06
40 4178.56 417855 4177.57 4176.34 417390 4171.47 4169.06 4166.66 4154.90 4143.52

GENHRAL NOTES:
(a) The specific heat capacity at constant pressuke given above were computed from the following equation:

Where

cp=—R(

T*

(T +273.15)

34

i=

)ZZ -

I

1

ﬁ)
*
P

00

(T+27315)

-2
1.222]

¢, = specific heat'ef water, ]J/kg K
p = absolute pressure, kPa
T = water:temperature, °C

onstants:
p" =~16,530 kPa
R_=.0.461526 k] /kg K

”

T = 1386 K

Refer to Table I-1-9 for the coefficients I;, J;, and n;.
(b) Intermediate values may be interpolated or calculated from the equation given in General Note (a).
(c) Standard atmospheric pressure is 101.325 kPa [refer to Table I-1-5 (Table I-1-5C)
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Table I-1-7C Specific Heat Capacity of Water, c,, (Btu/lbm °F), U.S. Customary Units

Absolute Pressure, p,s, 1bf/in.”

Temperature,
T, °F 14 14.696 15 25 50 100 200 500 1000 2000
32,036 1.007782 1.007776 1.007774 1.007692 1.007487 1.007077 1.006263 1.003851 0.999937 0.992490
34 1.006896 1.006891 1.006888 1.006809 1.006611 1.006215 1.005428 1.003098 0.999316 0.992116
36 1.006076 1.006071 1.006069 1.005992 1.005801 1.005418 1.004658 1.002405 0.998748 0.991783
38 1.005332 1.005327 1.005324 1.005250 1.005065 1.004695 1.003959 1.001779 0.998238 0.991491
40 1.004655 1.004650 1.004647 1.004575 1.004396 1.004038 1.003325 1.001212 0.997780 0.991237
42 1.004038 1.004033 1.004031 1.003961 1.003787 1.003440 1.002748 1.000699 0.997368 0.991915
44 1.003477 1.003472 1.003470 1.003402 1.003233 1.002895 1.002224 1.000233 0.996998 _0.990823
46 1.002964 1.002960 1.002958 1.002892 1.002727 1.002399 1.001746 0.999811 0.9966657) “0.990$56
48 1.002497 1.002492 1.002490 1.002426 1.002266 1.001947 1.001312 0.999428 0.996365 0.990%12
50 1.002069 1.002065 1.002063 1.002001 1.001845 1.001534 1.000915 0.999080 0.996094 0.990387
55 1.001153 1.001149 1.001147 1.001089 1.000942 1.000650 1.000067 0.998341.4 0:995530 0.990150
60 1.000417 1.000413 1.000411 1.000356 1.000217 0.999941 0.999390 0.997757 0.995095 0.989994
65 0.999824 0.999820 0.999818 0.999766 0.999634 0.999371 0.998847 0.997294 0.994761 0.989900
70 0.999346 0.999342 0.999340 0.999290 0.999164 0.998913 0.998413 ~0.996929 0.994507 0.989853
75 0.998962 0.998959 0.998957 0.998909 0.998788 0.998548 0.998068 0996643 0.994318 0.989$44
80 0.998659 0.998655 0.998654 0.998607 0.998491 0.998259 0.997797 0.996425 0.994183 0.989865
85 0.998423 0.998420 0.998419 0.998374 0.998262 0.998037 00997591 0.996264 0.994095 0.989914
90 0.998248 0.998245 0.998244 0.998200 0.998091 0.997874-0997441 0.996153 0.994048 0.989987
95 0.998127 0.998124 0.998123 0.998081 0.997975 0.997763% 0.997342 0.996089 0.994040 0.990083
100 0.998056 0.998053 0.998052 0.998011 0.997907 0.997701 0.997290 0.996068 0.994068 0.990202
105 0.998032 0.998029 0.998028 0.997987 0.997886 0997684 0.997282 0.996087 0.994130 0.990343
110 0.998052 0.998049 0.998048 0.998008 0.997909¢\0.997711 0.997317 0.996145 0.994225 0.990$09
GENERAL [NOTES:
(a) The specific heat capacity at constant pressure given above weré\computed from the following equation:
* 2 I o Ji—2
cp=—RT7 n; 7'1_1* J(J - )1 T7—1.222
(T + 27315) pr) (T + 273.15)
wherg
¢y ¥ specific heat of water, J/kg K
p ¥ absolute pressure, kPa
T # water temperature, °C
Consthnts:
p" $ 16,530 kPa
R # 0.461526 kJ/kgK
T" 1,386 K
Refer [to Table I-1=9-for the coefficients I, J; , and n;.
(b) Intermediate values may be interpolated or calculated from the equation given in General Note (a).
(c) The vlues ifi-this table were computed from the equation in General Note (a), using the following conversion factors:
T(%F) = T (°C) x 1.8 + 32
Pand (Ibf7in.2) = p.ps (kPa) x 1000 x (0.3048/12)%/(0.45359237 x 9.80665)
p (slug/ft”) = p (kg/m”) x (0.3048)7/(0.45359237 x 9.80665)

(d) Standard atmospheric pressure is 14.696 Ibf/in.? [refer to Table I-1-5 (Table 1-1-5C)]
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Table I-1-8 Isothermal Throttling Coefficient of Water &; (10~ m3/kg), Sl Units

Absolute Pressure, p,p,s, kPa

Temperature,
T, °C 100 101.325 500 1000 2000 3000 4000 5000 10000 15 000
0 1.01865 1.01865 1.01803 1.01725 1.01570 1.01416 1.01264 1.01112 1.00365 0.99641
1 1.01373 1.01373 1.01313 1.01238 1.01088 1.00938 1.00790 1.00643 0.99919 0.99216
2 1.00897 1.00897 1.00838 1.00765 1.00620 1.00475 1.00331 1.00188 0.99485 0.98803
3 1.00435 1.00435 1.00378 1.00307 1.00166 1.00025 0.99886 0.99747 0.99064 0.98401
4 0.99986 0.99986 0.99931 0.99862 0.99725 0.99589 0.99453 0.99318 0.98655 0.98011
5 0.99550 0.99550 0.99497 0.99430 0.99296 0.99164 0.99032 0.98901 0.98257 0.97631
6 0.99126 0.99126 0.99074 0.99009 0.98879 0.98751 0.98623 0.98495 0.97870 0.97261
7 0.98713 0.98713 0.98662 0.98599 0.98473 0.98348 0.98224 0.98100 0.97492 0.96900
8 0.98310 0.98310 0.98261 0.98199 0.98077 0.97956 0.97835 0.97715 0:97123 0.96548
9 0.97917 0.97917 0.97869 0.97810 0.97691 0.97573 0.97455 0.97339 0.96764 0.96204
10 0.97534 0.97534 0.97487 0.97429 0.97314 0.97199 0.97085 0.9697% 0.96412 0.95868
12 0.96793 0.96793 0.96749 0.96694 0.96585 0.96476 0.96368 096261 0.95732 0.95216
14 0.96083 0.96083 0.96042 0.95990 0.95887 0.95784 0.95682 0.95580 0.95080 0.94591
16 0.95402 0.95402 0.95363 0.95314 0.95216 0.95119 0.95022 0.94926 0.94452 0.93989
18 0.94746 0.94745 0.94708 0.94662 0.94570 0.94478 0.94386 0.94295 0.93846 0.93408
20 0.94112 0.94112 0.94077 0.94033 0.93946 0.93859 0.93772 0.93686 0.93261 0.92845
22 0.93499 0.93499 0.93466 0.93424 0.93342 0.93260 0.93178 0.93096 0.92693 0.92299
24 0.92905 0.92905 0.92873 0.92834 0.92756 0.92678 0.92600 0.92523 0.92142 0.91768
26 0.92327 0.92327 0.92297 0.92260 0.92186 0.92112 0.92039 0.91966 0.91605 0.91251
28 091764 091764 0.91736 091701 0.91631 0.91562 0.91492 0.91423 0.91081 0.90746
30 0.91215 0.91215 0.91188 0.91155 0.91089 0.91024 0.90958 0.90893 0.90570 0.90252
32 0.90678 0.90678 0.90653 0.90622 0.90560 0.90498 0.90436 0.90374 0.90069 0.89769
34 0.90153 0.90153 0.90129 0.90100 090041 0.89983 0.89925 0.89867 0.89578 0.89295
36 0.89638 0.89638 0.89616 0.89588 0.89533 0.89478 0.89423 0.89368 0.89097 0.88829
38 0.89132 0.89132 0.89111 0.89085 0.89033 0.88982 0.88930 0.88879 0.88623 0.88371
40 0.88635 0.88635 0.88615 0.88591 0.88542 0.88494 0.88445 0.88397 0.88157 0.87919
GENBRAL NOTES:
(a) The isothermal throttling coefficient given above were computed from the following equation:
=34 I—1 . —1
P Z - niI,v]i[7.l - ﬂ*]l (Ti* - 1222 '
P p— P (T + 273.15)
Where
p = absolute pressupe;kPa
T = water temperature; °C
87 = isothermalthrottling coefficient of water (1073 m3/kg)
onstants:
p = 16,530kPa
IE = 0,461526 Kk]/kg K
T =41386K
Refer-to Table 1-1-9 for the coefficients I, J;, and n;.
(b) Ihtermediate values may be interpolated or calculated from the equation given in General Note (a).

(c) Standard atmospheric pressure is 101.325 kPa [refer to Table I-1-5 (Table I-1-5C)].
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Absolute Pressure, p,ps, lbf/in.Z

Temperature,
T, °F 14 14.696 15 25 50 100 200 500 1000 2000
32,036 0.0163157 0.0163156 0.0163155 0.0163138 0.0163095 0.0163009 0.0162838 0.0162328 0.0161493 0.0159874
34 0.0162300 0.0162298 0.0162298 0.0162281 0.0162240 0.0162157 0.0161991 0.0161498 0.0160690 0.0159122
36 0.0161456 0.0161455 0.0161454 0.0161438 0.0161398 0.0161318 0.0161158 0.0160681 0.0159899 0.0158382
38 0.0160640 0.0160639 0.0160639 0.0160623 0.0160584 0.0160507 0.0160352 0.0159890 0.0159134 0.0157665
40 0.0159851 0.0159849 0.0159849 0.0159834 0.0159796 0.0159721 0.0159571 0.0159125 0.0158392 0.0156970
4p 0.0159085 0.0159084 0.0159083 0.0159069 0.0159032 0.0158960 0.0158814 0.0158382 0.0157673 0.0136295
44 0.0158342 0.0158341 0.0158341 0.0158326 0.0158291 0.0158221 0.0158080 0.0157662 0.0156975_(0.0155640
4 0.0157620 0.0157619 0.0157619 0.0157605 0.0157571 0.0157503 0.0157367 0.0156961 0.0156296-0.0155002
4 0.0156918 0.0156917 0.0156917 0.0156904 0.0156870 0.0156804 0.0156672 0.0156280 0.0155635 0.0154380
5 0.0156235 0.0156234 0.0156233 0.0156221 0.0156188 0.0156124 0.0155997 0.0155616 0.0154991 0.01593774
55 0.0154600 0.0154599 0.0154599 0.0154587 0.0154557 0.0154498 0.0154380 0.0154028, 0:0153449 0.0152322
6 0.0153058 0.0153058 0.0153057 0.0153046 0.0153019 0.0152964 0.0152855 0.0152529 0.0151993 0.0150947
(1) 0.0151597 0.0151596 0.0151596 0.0151586 0.0151560 0.0151510 0.0151408 0.0151107 0.0150610 0.0149639
7 0.0150204 0.0150204 0.0150203 0.0150194 0.0150170 0.0150124 0.0150030,~0:0149750 0.0149290 0.0148389
75 0.0148872 0.0148871 0.0148871 0.0148862 0.0148840 0.0148797 0.0148710~-0.0148451 0.0148025 0.0147189
8 0.0147591 0.0147590 0.0147590 0.0147582 0.0147562 0.0147521 0.0147441 0.0147202 0.0146807 0.0146032
85 0.0146355 0.0146354 0.0146354 0.0146347 0.0146328 0.0146291 00146217 0.0145996 0.0145630 0.0144912
9 0.0145159 0.0145158 0.0145158 0.0145151 0.0145134 0.0145100%0:0145031 0.0144827 0.0144490 0.0143826
9% 0.0143997 0.0143996 0.0143996 0.0143990 0.0143974 0.0143943 0.0143880 0.0143692 0.0143381 0.0142768
10 0.0142865 0.0142865 0.0142865 0.0142859 0.0142845 0.0142816 0.0142758 0.0142585 0.0142300 0.0141735
105 0.0141760 0.0141760 0.0141760 0.0141754 0.0141741 0:0141715 0.0141662 0.0141504 0.0141243 0.0140725
GENERAL [NOTES:
(a) The idothermal throttling coefficient given above were computed froin the following equation:
RT* i3 p -1 T* Ji—1
or == Z —niI,v]{7.l——*) (——1.222
L P (T + 273.15)
whers
p F absolute pressure, kPa

T # water temperature, °C

87 F isothermal throttling coefficient of-water (107> m?/kg)
Consthnts:

p" ¥ 16,530 kPa

R # 0461526 kJ/kg K

T" $ 1,386 K
Refer[to Table I-1-9 for the ‘¢coefficients I, J;, and n;.

(b) Intermediate values may be.interpolated or calculated from the equation given in General Note (a).

(c) The vilues in this tablé\were computed from the equation in General Note (a), using the following conversion factors:
T (°F) =.T\(°C) x 1.8 + 32

Pabd (Ibf/in.?)(= paps (kPa) x 1000 x (0.3048/12)%/(0.45359237 x 9.80665)

(slug/f1N" p (kg/m®) x (0.3048)*/(0.45359237 x 9.80665)

(d) Standjrd dtmospheric pressure is 14.696 Ibf/in.? [refer to Table I-1-5 (Table I-1-5C)].

i)
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Table I-1-9 Coefficients I;, J;, and n;

i I; Ji n; i I; Ji n;

1 0 -2 0.14632971213167 18 2 3 -0.44141845330846 x 10~°
2 0 -1 -0.84548187169114 19 2 17 -0.72694996297594 x 1071°
3 0 0 -0.37563603672040 x 10* 20 3 -4 -0.31679644845054 x 107*
4 0 1 0.33855169168385 x 10* 21 3 0 -0.28270797985312 x 107°
5 0 2 -0.95791963387872 22 3 6 -0.85205128120103 x 107°
6 0 3 0.15772038513228 23 4 -5 -0.22425281908000 x 10~°
7 0 4 -0.16616417199501 x 10 " 24 4 -2 ~0.6517122289560} x 107°
8 0 5 0.81214629983568 x 107 25 4 10 -0.14341729937924% x 1072
9 1 -9 0.28319080123804 x 107 26 5 -8 -0.4051699686011f x 107°
10 1 -7 -0.60706301565874 x 1073 27 8 -11 -0.1278430174164) x 1078
11 1 -1 -0.18990068218419 x 107" 28 8 -6 -0.1742487123063§ x 107°
12 1 0 -0.32529748770505 x 107" 29 21 -29 £0:6876213129553] x 1078
13 1 1 -0.21841717175414 x 107" 30 23 -31 0.1447830782852] x 107*°
14 1 3 -0.52838357969930 x 107* 31 29 -38 0.26335781662795 x 10722
15 2 -3 -0.47184321073267 x 1073 32 30 239 -0.1194762264007] x 1072
16 2 0 -0.30001780793026 x 1073 33 31 ~40 0.18228094581404 x 10723
17 2 1 0.47661393906987 x 10~ 34 32 -41 -0.93537087292458 x 10725

GENHRAL NOTES:
(a) Reference: Parry, W.T. et al,, ASME International Steam Tables, 2nd Edition, American Society of Mechanical Engineers, New York, 2009.

() 1
() 1

he referenced ASME steam tables are based on the IAPWS Industrial Formulation 1997.

he above coefficients are the complete set of coefficients of the full Region*1 formulation defined in the reference.
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NONMANDATORY APPENDIX A
RELATIVE FLOW MEASUREMENT — INDEX TEST

A-1 DEFINITIONS

An index test is a method for determining the relative
efficiency of a machine based on relative flow measure-
index value is an arbitrarily scaled measure.
Relative|values are derived from the index values by
expressipng them as a proportion of the index value at
a stipuldted condition. Power and head are measured
by any of the methods in this Code. Flow rate is measured
as an index value by measuring a parameter that is a func-
tion of flpw, such as differential pressure along a tapered
section df penstock or across Winter-Kennedy taps. Rela-
tive efficlency is expressed as a proportion of peak index
efficiency.

A-2 APPLICATION

An index test may be used alone, or as part of a perfor-
mance tgst, for any of the following purposes:

(a) tojdeterminerelative flow and efficiency in conjunc-
tion with turbine power output or pump power input.
Such pefformance characteristics may be compared
with the|performance predicted from tests on a hemolo-
gous mopdel.

(b) to|determine the overall operating point-or points
that defipe the most efficient operation or.toextend infor-
mation dn performance over a wider fahge of net head,
flow ratg, or power, than covered by performance tests.

(c) todetermine therelationship bétween runnerblade
angle andl wicket-gate opening formost efficient operation
of adjustpble blade turbines,'and for the purpose of cali-
brating the blade contrel cam.

(d) toldetermine thé optimum relative efficiency wicket
gate opening at various heads for pump operation.

(e) tofassess thé change in efficiency due to cavitation
resulting from'a* change in lower pool level and/or net
head.

(j) to check as part of aeration tests for DO increa¥
an aerating turbine.

When an index test is used to supplement results| of a
performance test, measurements of flow rate made fof the
performance test are used to calibrate the index of flow.
The index test results may then be, expressed in terms of
efficiency rather than relative efficiency. In this case, the
results should include a statemeént concerning the dccu-
racy and confidence limits’that apply to the calibrati¢n of
flow rate measurement:

For some applications, the index test may be use
obtain the combined relative efficiency of the turl
generator unit'op pump-motor unit.

e on

d to
ine-

A-3 RELATIVE FLOW RATE
A-3d-General

An index test does not require any absolute meas
ment of flow rate. Examples of relative flow rate meas
ment methods include the following:

(a) measurement of the pressure differences exigting
between suitably located taps on the turbine spirgl or
semi-spiral case (see para. A-3.2). This is the Wirlter-
Kennedy method, described in “Improved Type of Flow
Meter for Hydraulic Turbines.” Winter, I.SA. ASCE. April
1933. This method is not suitable for relative flow
measurement for pump operation.

(b) measurement of the pressure difference along a
converging taper section of the penstock using the prin-
ciple of a Venturi (see para. A-3.3).

(c) measurement of the difference between the eleva-
tion of water in the inlet pool and the inlet section of the
machine (see para. A-3.4).

(d) measurement of differential pressure between two
piezometers located on a conduit elbow (see para. AB.5).

(e) measurement of differential pressure between

ure-
ure-

(f) to
test.

(g) to obtain calibration data for permanent power-
house flow-measuring instruments by assuming an abso-
lute value of machine efficiency at some operating point.

(h) to assess the change in performance of the machine
resulting from wear, repair, or modification.

(i) to check the power guarantee of the machine, with
agreement of the parties to the test.

i £l 4 i | H 4L £,
TTOTITOTTIO W T atc—adta auT g tre PCTTOTTITaITCT
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suitably Tocated taps on a bulb or tubular turbine (see
para. A-3.6).

Differential-pressure measurements should not be
made at turbine discharge sections, low-pressure
pump intake sections or other sections where pressure
variations are high in comparison with the total differen-
tial pressure, since the accuracy of the relative flow rate
measurement will be significantly diminished.
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Figure A-3.2-1 Location of Winter-Kennedy Pressure Taps in Spiral Case

Inner (low pressure) tapsyiseléct ong

a = 15 to 90 deg

Flpw rate is taken as proportional to the nth exponent¢f
the Hifferential-pressure head [i.e., Qre; = k(Ah)A]. An
approximate value of exponent n is 0.5. However, the
value of the exponent may vary with the type of inlet
case| or conduit where relative flow is b€ing measured,
the Jocation of the taps, and the flow rate. When an
indgx test is part of the performanece\test, the value of
n can be determined from measurements of flow rate
made for the performance test.

Mgasurement of the needle’ stroke may be used on
imphlse turbines to determine an index of flow rate
provided the needle stroke-vs-discharge characteristic
shape has been checked by tests on a homologous
model of the turbine needle valve. Care shall be taken
to apsure thatithe needle, nozzle, and support vanes
are flean ahdvih good order during the test.

A-3]2\Relative Flow Rate Measurement by the

Section A-A

shall not be near rough weld joints or abrupt cijanges in
spiral or semi-spiral case section. The inner tap$ shall lie
on a flow line between stay vanes.

A-3.3 Relative Flow Measurement by the
Converging Taper Method

Two pressure taps shall be located at diffefent-size
cross sections of the conduit. The most stable pressure
difference will be obtained if both taps are in th¢ conver-
ging section of the conduit. The differential presgure thus
obtained is not the maximum possible; therefore, fit may be
preferable to locate one tap a short distance upgtream of
the convergence and the second not less thdn half a
diameter downstream of the convergence.

A-3.4 Relative Flow Rate by the Friction H¢ad Loss
and Velocity Head Method

The Winter-Kennedy method requires two pressure
taps usually located in the same radial section of the
spiral or semi-spiral case. See Figures A-3.2-1 and
A-3.2-2. One tap is located at the outer radius of the
spiral or semi-spiral case, often on the horizontal
(turbine distributor) centerline. The other tap is
located atan inner radius outside the stay ring. Sometimes
more than one tap is provided at the inner radius. The taps

The difference between the elevation ol the water in the
inlet pool (upper pool for turbine and lower pool for
pump) and the pressure head near the entrance to the
machine may be used to measure the relative flow
rate. The differential reading consists of the friction
head and other head losses between the inlet pool and
the section at the point of measurement near the entrance
to the machine plus the velocity head at this section.


https://asmenormdoc.com/api2/?name=ASME PTC 18 2020.pdf

ASME PTC 18-2020

Figure A-3.2-2 Location of Winter-Kennedy Pressure Taps in Semi-Spiral Case

a = 1510 90 deg

Attentjon should be given td the trash rack to ensure
that the lhead loss through the trash rack is not affected by
an accurulation of trash,during the test.

For pumps, the sectioni‘near the entrance to the machine
shall be gelected so.thatthe proximity to the runner is not
causing fotationdlflow, which can influence the pressure-
head redding“At*installations with long high-pressure
conduit,|relative flow for pumps can be measured on

the discl arge conduit prnvidnd that the measuring

Inner (low pressure) tap

Outer (high pressure) tap

Section A-A

wicket gates or shutoff valves of the other turbing(s),
shall be measured, calculated, or estimated.

A-3.5 Relative Flow Measurement as a Differential
at an Elbow

The differential pressure readings between two pres-
sure taps located on the inside and outside radius|of a
penstock elbow may be used to determine reldtive

section on the high-pressure side of the pump is selected
so that rotational flow from the pump discharge is not
influencing the pressure-head reading. Often the net-
head taps on the pump-inlet conduit (draft tube on a
pump-turbine) versus tap(s) near the runner may be used.

If more than one machine is connected to the same
conduit, the machine(s) other than the one under test
shall be shut down, and the leakage through the

96

tlow rate.

A-3.6 Relative Flow Measurement using Suitably
Located Taps on a Bulb or Tubular Turbine

Relative flow rate may be determined by measuring the
differential pressure between a single high-pressure tap
located at the stagnation point at the front of the bulb, or
the front of the access shaft to the bulb, and two low-pres-
sure taps mounted on the converging section of turbine
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Figure A-3.6-1 Location of Differential Pressure Taps in Bulb Turbine

High pressure
taps location

Low pressure
taps location

casing upstream of the wicket gates. See Figure A:3.6-1.
The [pressure taps must be located a sufficientidistance
upstream of the wicket gates so that theflow patterns
at the pressure taps are not influenced by the wicket
gate| position.

A-3]7 Pressure Taps and Piping

e pressure taps shall eomply with the dimensional
reqliirements of para,4:3/14. Since the differential
heads to be measured\may be small, special attention
shal| be given to reémoving surface irregularities.

en relative flow measurement is made over a long
peripd of timé&; 0r if separate index tests are made at
diffgrent titnes to assess the change in efficiency of a
machinefrom wear, repair or modification, it is necessary
for the condition of the pressure taps and surrounding

Section A—A

When the pressure taps are calibrated using a Code-
approved method of measuring flow rate
(subsection A-4), it is essential that the taps rpmain in
their as-calibrated condition to give accurat¢ results
over time. This includes keeping the trash radks clean
at plants where the pressure taps are relativgly close
to racks, as the pressure profile at the prespure-tap
plane may be affected by wakes or turbulence fesulting
from different levels of trash.

A-3.8 Head and Differential Pressure
Measurement

The head on the machine shall be measured yising the
methods given in paras. 4-3.1 through 4-3.16. Inforder to
determine the net head on the machine, it is necpssary to
calculate velocity heads. Since only relative flow]is deter-

area to remain unchanged for the relative tlow rate
and/or relative efficiency to be comparable. For separate
comparative tests the pressure taps and area around the
taps should be inspected and their condition documented
prior to each test. This applies to the pressure taps used for
head measurement as well as those used for relative flow
measurement. However, the error associated with
changes to the pressure taps for head measurement is
usually much smaller than the error in relative flow
measurement.

mined, velocity heads can only be estimated. This may be
done by assuming a value of turbine efficiency, usually the
peakvalue, and thus estimate flow rate. The possible error
introduced if the assumed efficiency is incorrect is negli-
gible in the final determination of relative efficiency.
However, if the purpose of the index test is to check
power guarantee, the error in flow can result in an
error in velocity head and therefore in net head. In
this case the uncertainty in flow must be included in
the overall uncertainty analysis.
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Depending on the purpose of the index test and the
configuration on the plant, an index test may be conducted
by measuring only the gross head.

Differential pressure shall be measured using a gage
selected to give accurate measurements over the expected
range. The differentials may be measured using the
methods given in subsection 4-3.

A-3.9 Effect of Variation in Exponent

Relatjve flow-rate measurement using Winter-
Kennedy taps, or converging taper sections, do not
always gjive results in which flow rate is exactly propor-
tional to the 0.5 exponent of the differential pressure. The
values of the exponents that may be expected are 0.48 to
0.52.

The effects of variation in exponentn, in the relationship
Qre1 = kK[([AR)", on relative flow rate are shown on
Figure A{3.9-1. A change in exponent n will rotate the rela-
tive effigiency curve about the reference or stipulated
point, whereas a change of the coefficient k will increase
or decregse the relative flow by a constant percentage. The
two effe¢ts can often be separated.

The uge of two independent pairs of Winter-Kennedy
taps may| provide a greater level of confidence in using the
assumed exponent of 0.5. It is unlikely that two indepen-
dent paifs of taps would each show the same departure
from the|exponent 0.5. Consistency in indicated flow rate
Q;, withif £0.5% over the range of Q..c; = 0.5 to Q) = 1, may
be taken ps confirmation of the correctness of the 0.5 expo-
nent.

A-3.10

Power
pump sh
subsecti
instrumg
atively s

Power

output from the turbine or power inpiit to the
hll be determined using the methods described in
n 4-5. It is also possible to use-the‘control panel
ntation, but with less accuracy,provided that rel-
mall changes in power can still be measured.

A-3.11 Wicket Gate and Needle Opening and Blade

ngle

The wicket gate or neédle opening and the blade angle, if
not fixed} shall be recorded for each run. Attention shall be
given to [the accurate calibration of wicket-gate opening
against gn external scale. The calibration shall include a
check thiatdifferences between individual wicket-gate
opening TgTiti ; i
fully closed before the operating servomotors are fully
closed; therefore servomotor stroke cannot be used as
a measure of wicket-gate opening without proper calibra-
tion.

98

A-4 COMPUTATION OF INDEX TEST RESULTS

The test data shall provide, for each test run, values for
relative-flow differential pressure (Ah), pressure heads
(hy, hy), and potential heads (Z,, Z,); power, P, wicket-
gate opening (needle stroke for impulse turbines), and
blade position in the case of adjustable blade turbines.
Plots of power, gross head and differential pressure
versus wicket-gate opening or needle stroke are useful
ineieatt 1551 i itiesy For
-Vs-
Ency
ket-

adjustable blade turbines, a plot of P./[(Ah°>)(H)
P, is helpful for determining the maximum(effici
point for each combination of blade angle'and wi
gate opening tested.

Relative flow rates are given by:

Qrel = k(Ah)n

where
Ah

k

n

Qrel

differential-pressure head
coefficient

exponent

relative{flow rate

When
tests, and flow rate is also measured by a Code-appr
method, these flow rates should be used to evaluate A
n. The recommended procedure is to fit a power-c
equation to the test points by the least squ
method. The form of the equation is:

Q = k(Ah)"

différential-pressure heads are taken during
bved
and
Lirve
hires

where
Q = flow rate from Code-approved measurerhent
method

ved
hent
esti-
test
DWS:

If measurements of flow rate by a Code-appr
method are unavailable, then the value of the expo
n is assumed to be 0.5, and k is determined from an
mate of maximum turbine or pump efficiency at the
head. The corresponding flow rate, @, is then as foll

(a) For Turbine

(51 Units)
1000P

(m3/s)
npgH

Q=

SS0P
Q= (f%/s)
npgH
(b) For Pump
(SI Units)
10007P
Q= —"(m’/s)
pgH
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Figure A-3.9-1 Effect of Variations in Exponent on Relative Flow Rate

3 N\
2 \\
2
<
> 1 N n
°
. 0.48
[
2 0.49
s
c 0 0.50
£
. 0.51
o
; 0.52
g 1 4
[)
o
0 0.4 0.6 0.8 1.0 1.2
. Q
Relative Flow Rate = 1
O1spec
GENHRAL NOTE:_Relative flow rate = Qi/Qp
wherg
Q;|= kAh”_=Niridicated flow rate, where h is the differential pressure across the taps
Qp,= flow rate at estimated maximum efficiency

The error arises from assuming n = 0.5 when the true value can be, for instance, 0.48 or 0.52.
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(U.S. Customary Units)

predicted from model tests should consider test uncer-
tainty. For a comparative test to assess the change in
performance of the machine, the random uncertainty
for both tests must be summed using the methods
described in Section 7.

Systematic errors in head or power measurement are
constant percentage errors that have unknown magni-
tude. The degree that these systematic errors affect the
index test results will depend on the purpose of the

550nP
Q=" (s)
pgH
and
— Qrel
(an)>3
where ll
n = the estimated maximum efficiency
Whengver possible the estimated maximum efficiency
shall be ¢btained from tests of a homologous model oper-
ating at the same speed coefficient k, as the prototype, and

with modlel test data corrected by a suitable scaling factor
and effidiency step-up.

Deterthination of net head H in the above equation for
flow ratg¢ requires that a trial value of Q.. or k be used
initially| If trial values of Q.. or k differ from final
values bly more than £0.1%, new trial values shall be
selected [and the calculation repeated.

After k and n have been satisfactorily determined,
further ¢omputation of results shall be carried out as
describefl in subsection 5-2.

For tufbines the curves of relative flow rate and rela-
tive-effi¢giency-versus-turbine-power-output should be
compargd with the expected curves based on model
test dath to indicate the nature of any discrepancy
betweer] expected and prototype relative efficiency
obtained from the test. Similarly, for pumps, curves of rela-
tive flowjrate versus relative efficiency and head should be
compareld with expected curves based on model tést'data.

A-5 AS

The nj
Section
also app

A suffi

SESSMENT OF INDEX TEST ERRORS

ethods for uncertainty analysis described in
/ to account for errors,in ‘the measurements
y to index tests.

cient number of testruns should be made so that
the uncefrtainty for the smoothed results due to random
errors, when analyzed ifvaccordance with the procedures
set out i} Section 7, dees not exceed +0.5% at 95% confi-
dence linpits. If the'test conditions are such that this uncer-
tainty leyel cannet’be obtained, the uncertainty that has
been acllievédyshall be given in the index test report. A
compari$on’of the results of index tests with performance

test. For example, if the test is conducted to determine
the optimum relationship of runner blade anglé|and
wicket gate opening, the systematic uneertainty in
power measurement is of no importance,and‘the upcer-
tainty in head generally has minimal effect on the reqults.
The same is true for tests to check thelgeneral shape of the
efficiency curve of the machine.

Systematic errors can be important for an index|
where results are compared“to homologous m
tests, where the test i§-used to verify guaran
power, or for a compardtive test to assess the ch
in performance of the'machine.

When comparative tests are made the systematic uj
tainties for both tests must be summed using the met
described.in‘Section 7, except for those feature
measurenient methods that are unchanged for the
tests.Jf'the two tests are made using unchar
curr¥ent transformers, potential transformers
power meter, the systematic uncertainty in pa
measurement can be neglected unless there is a possilt
of instrument calibration drift. This also applies to
measurement.

Possible errors due to changes in the relative
measurement must be carefully assessed for compar
tests. The requirement for pressure taps for relative
measurement to remain unchanged is addresse
para. A-3.7. Other factors can affect the velocity pr
at the location of relative flow measurement, and t}
fore the magnitude of the relative flow. This can ing
water level at the intake, trash-rack cleaning, operati¢n of
adjacent generating or pumping units and flow at a neprby
spillway. To the extent practical these site conditions
should be same for both tests. Use of two method$ for
relative flow measurement will help reduce uncertajinty.
The uncertainty in changes in relative flow measurement
for two tests should be agreed to by the parties to theltest.
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NONMANDATORY APPENDIX B
NET HEAD AND NPSH DETERMINATION IN SPECIAL CASES

B-1| PURPOSE

C4lculation of net head (Hy) during a performance test
reqyires measurement of pressure head (h) and calcula-
tion|of total head (H) at the high and low pressure section
of the machine. These sections are illustrated in
Figulres 2-3-1 to 2-3-3, and accurate measurement of h
is tyjpically made using pressure taps at the respective
sectlons. Where it is not possible to measure h at the speci-
fied |high or low pressure measurement sections due to
absgnce of pressure taps at these locations, this Appendix
provyides guidelines for determining the total head at these
locations.

While pressure taps could be added specifically for the
perfprmance test, such installation may not be technically
or efonomically feasible.

Re¢liable calculation of turbine net head (Hy), is impor-
tant|for accurate determination of power output and effi-
ciency. Reliable estimate of the total head at the low
pregsure section is also essential for calculation of NPSH:

B-2| APPLICATION

This Appendix is applicable to all reaction> machines,
regdrdless of head with no pressure tapsinstalled in
the high pressure section and/or low\pressure section.
The|language of this Appendix is generally for a
turbline; however, the same principles can be applied
to a|pump-turbine operating as‘a pump.

B-3| VARIABLES

The variables relative to the turbine net head, head loss,
and NPSH determination, which are used in this Appendix,
are (lefined ifi'Table 2-3-1 and on Figures 2-3-1 through
2-3-B.

B-4LELOW RATE, Q

For example, with anet head of 25 m (82 ft) ancl velocity
of v, =2.3m/s (7.5 ft/sec), the velocity head)(h,,) is equal
to 0.27 m (0.88 ft) or 1.08% of net head. Ifthe flqw rate is
overstated in this example by 5%, the velocity head (h,;)
increasesto 0.30 m (0.98 ft) or 1,20% of net head, fesulting
in a 0.12-percentage point difference in net head and effi-
ciency.

B-5 TOTAL HEAD OFHIGH PRESSURE SECTION, H,

The common practice for total head (H;) determination
in most types.of intakes (including multibay intakes) with
pressure tapstinstalled in the high pressure section, is to
manifold the tubing from all of the taps and|directly
measure the average pressure head (h;) in the anifold.
The*total head (H,) is the sum of average potential head,
pressure head, and velocity head:

H1=Z1+I11+hv1

The velocity head (h,) is based on velocity (v;)} which is
typically calculated from the total measured or gstimated
flow rate divided by the total area of high pressurje section
(41).

For tests of machines with multi-bay intakes where the
flow rates (Qx) are measured individually in dach bay,
pressure heads (hix) should be measured indjvidually
for each bay and the individual total heads (H1yx) chlculated
by adding the actual velocity heads (h,1x) and the potential
head (Z,). The overall total head (H;) will then be a
weighted average calculated for the individpal total
heads (Hx), using the respective individual flpw rates
(Qx) as weighing factors.

For installations with no pressure taps in the hiigh pres-
sure section, pressure head in a bulkhead or infake gate
slot could be measured using a suitable methdd (laser,
bubbler system, float, etc.). The total head in quch gate
slot could be determined as the measured pressure

Flow rate (Q) needs to be measured or calculated/esti-
mated to determine a velocity head (h,). The accuracy with
which the flow rate is established, has a secondary effect
on the accuracy of the net head determination. The signif-
icance of overstating or understating of flow rate is greater
for low head machines because velocity head (h,;) is
generally a higher percentage of net head.

head plus the calculated velocity head just downstream
from the gate slot. This total head could then be
assumed to be the total head (H,) and the head loss
(Hy1) calculated in accordance with the equation in
Table 2-3-1. If the gate slot where the measurement is
made is at a significant distance from the true high pres-
sure section, then by agreement between parties to the
test, a correction can be made for head losses between
the gate slot and the high pressure section. The correction
would typically be determined by analytical methods, and,
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if appropriate, additional uncertainty in net head be
included in the uncertainty calculations for the test.

B-6 TOTAL HEAD OF LOW PRESSURE SECTION, H,

With no pressure taps installed in the low pressure
section, the total head (H,) can be calculated as the
water level in an “hydraulically isolated” draft tube
gate slot plus the velocity head just downstream of the

The percentage of energy recovered in the tailrace is site
specific and can vary significantly. It can depend on the
tailrace design and configuration, the type of the turbine,
load on the turbine, draft tube design, the flow velocity
profile in the draft tube and tailrace, the presence and
load on the adjacent units, and the location where the
TWL is measured. For projects with a favorable tailrace
design/configuration, test data suggests recoveries can be
up to 50%. A “recovery factor” R can be defined as the

gate. slogphus—teadtess b_bt_""““ th”_l‘”‘“’ LASShih fraction of the exit velocity head (hy.) that is recovered
section r_1d the gate slot (S}mllarly as discussed above downstream of the draft tube exit section.
for the high pressure seCFlon). For a draft tubg gate The headloss onlow pressure side (H ;) is thengivgn by
slot to Be “hydraulically isolated” from the tailrace,
there miist be a physical separation between the draft H,=H, .+ (1 - R)X Vez/lg
tube gafle slot and the tailrace. When the draft tube
gate slo{ is not “hydraulically isolated,” the total head ~ and total head H, = TWL + H,, if the-correction fagtor
(Hy) is determined by measuring the TWL and adding [1 = (pa/p)] = 1.0 is assumed.
the head loss (Hyz). Velocity (v.) is the flow rate divided by the c1loss-
For mpst projects, the low pressure section is defined ~ sectional area of the draft.tube exit section (A.).
and is lofated upstream from the actual exit of the draft Parties to the test needt6 take into consideratioy the
tube, or] “Draft Tube Exit Section (e)” as defined in ~ above circumstancescand agree upon the value of the
Figure Bl6-1. Pressure taps, if used, would normally be ~ recovery factor R and upon the location wher¢ the
installed|in the low pressure section. If the low pressure TWL will be measured. Experience has shown [that
section i§ not defined it could be assumed to be the draft ~ Where TWL4s measured close to the end of the draft
tube exit section. tube, the value of R may typically range from 0.0 td 0.4.
For copvenience, the head loss (H,,) is divided into two In the«example in subsection B-4, the exit velocity head
parts was h{z = 0.27 m. If a recovery factor of 0.2 is used} the
(a) Héad loss (H;..) between low pressure section and recoyvered velocity head is 0.2 x 0.27 = 0.054 m. Thu$ the
the draf tube exit section pressure at the draft tube exit will be lower by 0.054 m of
(b) Héad loss (Hy,) between the draft tube exit section water. The relative increase in the net head would thgn be
and the tailrace 0.054/25 = 0.0022, or 0.22%.
In many cases the head loss (H;;..) will be insignificant
and could be assumed equal to zero, as its magnitude is ~ B-7 DETERMINATION OF NET HEAD, Hy
typically ml_lCh less than the uncer-tainty. of t.he {geal he.ad Synthesizing the equation presented in Table 2-3-1 with
determirjation. If the draft tube exit section.is at a consid- he above considerations. net head could be calculated
erable distance from the defined low pressure section, or the a . Y .
. according to the following equation:
for any gther reason, then by agreement-between parties
to the t¢st, a calculation of head loss (H,,..) can be Hy = (Zy + by = TWL)[1 - (g,/p)] + hy; — Hp
perform¢d using analytical methods.
Deterrpining the head loss{H;;) between the draft tube B-8 DETERMINATION OF NET POSITIVE SUCTION
exit sectlon and the TWL is_based on an assumption that HEAD (NPSH)
high per 'e“tage Oft.he et tube eXlF V'.el.oaty he.a d 1S.I.OSt The velocity head recovery can also affect the calculated
and the femainder is\recovered. A limiting or simplified NPSH. Similarly to net head. the f la for NPSH db
‘ . y to net head, the formula for could be
case woyld be a stidden, very large expansion at the draft written as follows:
tube exit|where the'head loss would be essentially equal to '
the exit vieloéity head v.? /2g. However, a sudden very large NPSH = hytryy + Hy — hvp -7
expansidn s usually not the case, and, some of the exit

velocity energy may be recovered in the tailrace, resulting
in lower pressure at the draft tube exit than would occur if
no exit energy were recovered. The effect will be that the
true static pressure at the draft tube exit will be lower than
the measured TWL.

102

As noted in Table 2-3-1, the parties to the test may also
opt for using the traditional formula for NPSH as follows:

NPSH = hypy — hyyy + TWL - Z,
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Figure B-6.1 Low Pressure and Draft Tube Exit Sections

Low pressure section
(at pressure taps)

/— Draft tube exit section, e
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NONMANDATORY APPENDIX C
ACOUSTIC SCINTILLATION METHOD OF DISCHARGE

MEASUREMENT

C-1 GEI
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NERAL

e of the acoustic scintillation method (ASM) is
d to rectangular conduits flowing full with
e turbulence present (usually produced by
"ks). ASM has been developed specifically for
t, rectangular converging intakes typically
h plants with heads of 35 m or less and
penstocks in which measurements with other
can be made. However, the ASM may be used
head plants or for other flow measurement appli-
vith rectangular intake sections. The configura-
he intake and the nature of the approach flow
ome limitations on the use of the ASM; these
ns are described in para. C-3.1. This method
to be accepted as a code method under the
para. 4-4.1. Its application is permissible by
oreement by parties to the test or in conjunction
w measurement code method under the terms of
.1, in which case the latter method will prevailin
on with the guarantees.

C-2 PR

The A
the flow,
transmit|
section,
sions arg
vidual py
randoml
changes
cientlycl
flow, an
downstr
the upst ep a 2
time delay corresponds to the peak in the time-lagged
cross-correlation function calculated for Signal 1 and
Signal 2. The mean velocity perpendicular to the acoustic
paths is then Ax/At. Three transmitters and three recei-
vers are needed at each measurementlevel for the average
inclination of the velocity to be obtained. Both Ax and At
are required for an accurate calculation of the horizontal
component of the velocity.

NCIPLES OF MEASUREMENT

bM utilizes the natural turbulence embedded in
as shown in Figure C-2-1. Inifs simplest form, two
ters are placed on one side, of the measurement
wo receivers at the other. The signal transmis-
not continuous, but.are sent as a series of indi-
Ises. The signal amplitude at the receivers varies
 as the turbulence along the propagation paths
vith time and-the flow. If the two paths are suffi-
pse (Ax)stheturbulence remains embedded in the
| the pattern of the amplitude variations at the

bam receiver will be nearly identical to that at
. . A .
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For discharge measurements that meet the reqire-
ments of this Code, measurementsjare taken jat a
number of pre-selected measurementleyvels represeijting
the total cross-sectional area. Unstable inflow velodities
and/or divergent approach angles will likely exist in
most intakes. Both the magnitude and the inclindtion
ofthe flow velocity as measured by the ASM shall be there-
fore considered in theealculation of discharge. Each
measurement level:shall have three acoustic ppths
with accurately’ known spacing and the abilitly to
measure the time*lagged cross-covariance from which
the magnitudé and angular inclination of the resuljtant
velocity vector shall be calculated. The discharg¢ for
the measurement section (intake bay) shall be calculated
by intégrating the average horizontal component of the
veloeity measured at each level over the cross sectjonal
area of the intake.

Where there is more than one intake bay, the disch
through each intake bay shall be measured by instq
instrumentation in each bay. The discharge in all in
bays shall then be added to obtain total dischd
provided the flow condition remains constant and
entire data set for total discharge is obtained wit}
mutually agreed time period.

Qrge
lling
take
rge,

the
ina

C-2.1 Measurement Levels

The individual measurement levels are selected to
mally sample the vertical structure of the flow in
measurement section. As a minimum, 10 measurel
levels, uniformly spaced by not more than 1/10 o
intake height shall be used. Only for intakes with
low heights may the number of measurement leve
reduced below 10. In regions of the measurerent
section where large variations in velocity are exp¢cted
ment levels should be added. The integration algorithm
used for computations shall not require regular
spacing of the sampling levels.

Uncertainties are reduced when the number of
measurement levels is increased from the required
minimum of 10 up to 20 or even 30, depending on the
measurement section structural configuration and
the desired measurement accuracy. For all ASM
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Figure C-2-1 Schematic Representation of ASM Operation

Transducer path 1 -

-
N4

Signal 1

-

(Ax)

—

surements the number of measurement levels shall be
blished by mutual agreement.

ere are two basic approaches to installing the equip-
menjt and measuring the flow at each level: sensor paths
are installed at fixed elevations (each measurement level)
on a|fixed frame spanning the full height of the measure=
menjt section (Figure C-2.1-1), or one or more sensor paths
are mounted on a smaller profiling frame that is moved
thropgh a series of elevations to sample the full height of
the fneasurement section (Figure C-2.1-2).

In| general, profiling frames allow mote flexibility in
mealsurement level locations, but at,the disadvantage
of hlaving cross-members in theflow. For both the
fixed frame and profiling frame; the frame is typically
instglled in an existing slot. Jt is-also possible to attach
the fransducers directly to,the intake side walls, but
thatfwould normally only be-done if a permanent installa-
tion|is intended.

mea
esta
T

C-2

Ti
mea
first
the elg : atle 3 switches tc
the next measurement level. The process is repeated
until all levels have been sampled. The typical sequence
is from the floor to the roof and shall be mutually agreed
between all parties to the test. It is possible to sample two
measurement levels simultaneously provided that the
levels are sufficiently separated to prevent interference.
Once sampling is completed, the discharge shall be
computed for the operating condition being measured.
The preliminary results (discharges and the flow veloci-

2 Sequence of Measurements

le ASM, typically measures the flow velocity at one
surefment level at a time. After sampling at the
measurement level is complete, the ASM computes

Transducer path 2 C ............... S e D e
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Signal 2

Correlation

Time

ties and inclinations) shall be written to an electfonic file,
and the’ASM equipment is ready for a new measfirement.
As.a’statistical measurement, ASM requires a rhinimum
sample size to produce a meaningful measurenjent. The
sampling period for each run shall be of sufficient|{duration
to average out large-scale turbulent fluctudtions (a
minimum of 30 s per run). At least three or fpur runs
at each measurement level are recommepded to
permit calculation of an average discharge and ptandard
deviation. Subsection 3-5 provides further detdils.
Profiling frames (Figure C-2.1-2) may be eitheyf stopped
at each measurement level for the duratiopn of the
measurement or, if using very slow (not more than 5%
of average flow velocity) and constant trave¢l speed,
may be swept continuously over the total verticdl dimen-
sion of the measurement section. If a continuous|sweep is
used, the position of the frame as a function of timp shall be
recorded electronically.

C-2.3 Boundary Conditions

close to
of inter-

The measurement levels shall not be placed to
boundaries, such as the roof and floor, because
fering echoes. The limit of approach depends on t

near these boundaries, the uppermost and lowermost
measurement levels shall be positioned at the distance
D, given by the equation

D = (Wer/2)V/2

where
W = the width of the measurement section
¢ = the speed of sound
T = the duration of the acoustic pulse
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