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Erratum

to

ASME PTC 6-2004
Steam Turbines

On page 13, Table 3-1, first entry under second column is corrected by erratum to read “�3.0%
of the absolute pressure.” See revised table on the overleaf.

THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
Three Park Avenue, New York, NY 10016-5990

February 2006

C2804E
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Table 3-1 Permissible Deviation of Variables

Permissible Deviation for the Average

of the Test Conditions from Design or Permissible Fluctuations During Any

Variable Rated Conditions [Note (1)] Test Run [Note (2)]

Initial steam pressure �3.0% of the absolute pressure �0.25% of the absolute pressure or 5.0
psi (34.5 kPa), whichever is larger

Initial and reheat steam temperature �15°F (8K) when superheat is 27°–50°F �4°F (2K) when superheat is 27°–50°F
(15–30K); �30°F (16K) when super- (15–30K); �7°F (4K) when superheat
heat is in excess of 50°F (30K) is in excess of 50°F (30K)

Initial steam quality �0.5 percentage points of quality for �0.1 percentage points of quality for 
turbines with wet throttle steam turbines with wet throttle steam

Primary flow Not specified Refer to para. 4-10.1
Secondary flows �5.0% � (primary flow)/(secondary flow) Same as (d) � (primary flow)/(secondary

flow)
Pressure drop through fossil unit reheater �50.0%
Extraction pressures �5.0%
Extraction flows [Note (3)] �5.0%
Temperature of feed water leaving final �10°F (6K)

heater
Exhaust pressure [Note (4)] �0.05 psi (0.34 kPa) or �2.5% of the ab- �0.02 psi (0.14 kPa) or �1.0% of the

solute pressure, whichever is larger absolute pressure, whichever is larger
Load Refer to para. 3-13.5 �0.25%
Voltage �5.0%
Power factor Not specified �1.0%
Speed �5.0% �0.25%
Aggregate isentropic enthalpy drop of �10.0%

anyone of the sections of an automatic-
extraction turbine

NOTES:
(1) In any event, the manufacturer’s allowable variations in pressure temperature and speed are not to be exceeded, unless specifically

agreed to before the test.
(2) Fluctuations would be indicated by scatter in the data (refer to para. 3-9.2).
(3) When steam is extracted for feedwater heaters, the extraction pressures (which are fixed by the turbine design and flow conditions) may

deviate from expected values by a few percent. This normally has a negligible effect upon the overall performance. It shall be ascertained
that such deviations that do exist are not due to malfunctioning of feedwater heaters. If large deviations persist, agreement must be
reached as to the course to be followed.

(4) If it is not practicable to obtain design or rated exhaust pressure, the test may be conducted by agreement at another exhaust pressure,
and either party may require that the exhaust pressure correction curve be verified by test.
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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instruc-
tions. The following information is based on that document and included here for emphasis and
the convenience of the Code user. It is expected that the Code user is fully cognizant of Sections
1 and 3 of ASME PTC 1 and has read them prior to applying this Code.

ASME Performance Test Codes provide test procedures that yield results of the highest level
of accuracy consistent with the best engineering knowledge and practice currently available. They
were developed by balanced committees representing all concerned interests and specify proce-
dures, instrumentation, equipment-operating requirements, calculation methods, and uncertainty
analysis.

When tests are run in accordance with a Code, the test results themselves, without adjustment
for uncertainty, yield the best available indication of the actual performance of the tested equip-
ment. ASME Performance Test Codes do not specify means to compare those results to contrac-
tual guarantees. Therefore, it is recommended that the parties to a commercial test agree before
starting the test and preferably before signing the contract on the method to be used for com-
paring the test results to the contractual guarantees. It is beyond the scope of any Code to de-
termine or interpret how such comparisons shall be made.
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FOREWORD

HISTORICAL BACKGROUND

The Test Code for Steam Turbines was one of the group of ten codes forming the 1915 edition
of the ASME Performance Test Codes. A revision of these codes was begun in 1918, and the Test
Code for Steam Turbines was issued in revised form in April, 1928.

In 1932, a decision was reached to undertake a complete revision of the 1928 edition, and the
Committee No. 6 was enlarged at the request of Chairman C. H. Berry. Two developments con-
tributed to the making of this decision: first, the increased use of extraction, mixed-pressure, and
other types of turbines favored their inclusion within the scope of the Steam Turbine Test Code;
second, a broader concept of test codes resulted from international conferences.

The new concept arose in the following manner. In 1925, the U.S. National Committee of the
International Electrotechnical Commission (IEC) invited the cooperation of the American Society
of Mechanical Engineers in the preparation of an international test code for steam turbines. The
invitation was referred to and accepted by the Performance Test Codes Committee. The IEC Sec-
retariat for this project was assigned to the United States, and two international publications were
issued, one dealing with specifications and the other covering rules for acceptance tests. Appen-
dices to these international rules were agreed upon, and these appendices included the types of
turbines that the ASME Performance Test Codes Committee added to the 1941 edition to its Test
Code for Steam Turbines.

The broader concept of the content of test codes of this kind was gained in the course of this
international activity. The new concept was discussed by the ASME Performance Test Codes
Committee from time to time, and a revision of the Committee’s model test code outline was
adopted for guidance in the preparation of new codes and the revision of existing codes.

In 1949, a revision of the Code was undertaken because experience with the 1941 edition dis-
closed differences and ambiguities that required correction and clarification. This revision, ap-
proved and adopted by the Council of ASME, was published in January 1949 and designated as
PTC 6-1949.

As a result of the evolution of the steam cycle, particularly with the increased application of
reheat, consideration was given to revision of PTC 6-1949. Pressures and temperatures had in-
creased, thermal cycles had become complex, and improved measuring techniques became avail-
able. In November 1956, Performance Test Codes Committee No. 6 was reorganized for the pur-
pose of preparing a revised code reflecting the status of testing methods, instrumentation, and
the current trend of thermal cycle development. A revised Code was published in 1964, and it
was primarily concerned with the determination of the absolute level of performance. Much of
the 1964 Code reflected the trend of thermal cycle development toward increasing throttle pres-
sures and temperatures, the use of reheated steam, and advanced cycle arrangements.

An additional assignment was given the PTC 6 Committee as a result of a need that had de-
veloped over the years for simplified procedures for routine or commercial tests, including their
relative accuracies. A thorough study of these problems resulted in two reports prepared by the
Committee, PTC 6S and PTC 6 Report.

With the introduction of steam turbines operating predominantly within the moisture region
in thermal cycles utilizing nuclear steam supply systems, additional techniques and instrumen-
tation were necessary because of the moist steam that is typical in these applications. An interim
Code, PTC 6.1-l 972, was developed and issued for trial use and comment and subsequently
merged into PTC 6-1964, along with several desirable revisions, and reissued as PTC 6-1976.

Concurrent with the development of PTC 6-1976, work was underway by the International
Electrotechnical Commission, Technical Committee No. 5 on Steam Turbines, to revise their Rules
for Acceptance Tests to include procedures for testing turbines operating with dry and saturated
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steam conditions. This effort resulted in the publication, in 1990, of documents IEC 953-1 and IEC
953-2, the former for high-accuracy testing of large condensing steam turbines and the latter for
a wide range of accuracy testing of various types and sizes of turbines.

Several years after PTC 6-1976 was published, it became apparent to the Committee that the
majority of steam turbines was not being tested because of the relatively high cost of a full-scale
test using these procedures. The Committee investigated alternative testing techniques and de-
veloped an alternative procedure for acceptance testing, which meets the criteria of high accu-
racy but has a lower cost because it does not require all the measurements necessary for deter-
mining complete cycle information. These alternative procedures were issued as an Interim Code,
PTC 6.1, in 1984 and included only the additional requirements and guidance to meet the objec-
tives; it had to be used in conjunction with PTC 6-1976.

The 1996 revision of PTC 6 was undertaken to merge the Interim Code of 1984 into PTC 6-1976
and incorporate new high-accuracy instrumentation that has been developed since the publica-
tion of the 1976 Code.

This revised Code, designated “Performance Test Code 6 on Steam Turbines, PTC 6-1996” was
approved by the Board on performance Test Codes, further approved as an American National
Standard by the ANSI Board of Standards, and published by ASME on July 31, 1996.

CURRENT STATUS

Simplified test procedures of good relative accuracy, intended for periodic checks of turbine
performance, are described in “Procedures for Routine Performance Tests of Steam Turbines,”
PTC 6S Report 1988 (Reaffirmed 1993), a separately published report by Performance Test Codes
Committee No. 6. Such test procedures may be used throughout the service life of the turbine.
They are not intended for acceptance tests and do not fulfill all the requirements of PTC 6-2004.

Tests using alternative instrumentation and procedures are described in “Guidance for Evalua-
tion of Measurement Uncertainty in Performance Tests of Steam Turbines,” PTC 6 Report 1985 (Reaf-
firmed 1991), a separately published report by Performance Test Codes Committee No. 6. Such test
procedures do not fulfill the requirements of PTC 6-2004. They cannot be considered acceptance tests
unless both parties to the test have mutually agreed, in writing, on all phases of the test that devi-
ate from PTC 6-2004. Any deviation from Code procedure shall be distinctly described in the test
report, along with the corresponding uncertainty as evaluated in accordance with PTC 6 Report 1985.

PTC 6 is most directly targeted for application to steam turbines in regenerative feedwater
heater cycles. PTC 6.2, “Steam Turbines in Combined Cycles,” a separately published code by
Performance Test Codes Committee No. 6.2, addresses performance testing of steam turbines in
combined cycle and cogeneration applications.

Many multi-pressure level combined cycle steam turbine bottoming cycles and cogeneration
cycles present different challenges to performance testing from those faced in testing steam tur-
bines in regenerative feedwater heater cycles. The different configurations make the testing of
these bottoming and cogeneration cycles in accordance with PTC 6 impractical. PTC 6.2 is the
recommended Code for testing steam turbines in combined cycle and cogeneration applications.

Due to the existence of numerous different steam turbine cycle configurations, including hy-
brids of combined cycles, regenerative feedwater heater cycles, and cogeneration cycles, it is not
practical to define every cycle configuration for which PTC 6 is recommended and every cycle
configuration for which PTC 6.2 is recommended. For cycle configurations not explicitly ad-
dressed by either Code, the Code Users are expected to apply the Code that most closely meets
the test objectives. In these cases, the decision about which Code will be applied must be decided
upon very early in test planning.

Since this Code was published, there have been several Technical Inquiries requesting clarifi-
cation of selected Code paragraphs. In response to these Inquiries, the Committee changed Code
language as necessary to clarify the intent of the Code. These changes, in addition to the correc-
tion of undetected errors, formed the basis for this revision.

This revision was approved by the Board on Performance Test Codes on April 22, 2004 and
approved by the American National Standard Institute on December 6, 2004.
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CORRESPONDENCE WITH THE PTC 6 COMMITTEE

General. ASME Codes are developed and maintained with the intent to represent the consen-
sus of concerned interests. As such, users of this Code may interact with the Committee by re-
questing interpretations, proposing revisions, and attending Committee meetings. Correspon-
dence should be addressed to:

Secretary, PTC 6 Standards Committee
The American Society of Mechanical Engineers
Three Park Avenue
New York, NY 10016-5990

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

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

Interpretations. Upon request, the PTC 6 Committee will render an interpretation of any re-
quirement of the Code. Interpretations can only be rendered in response to a written request sent
to the Secretary of the PTC 6 Standards Committee.

The request for interpretation should be clear and unambiguous. It is further recommended
that the inquirer submit his request in the following format:

Subject: Cite the applicable paragraph number(s) and a concise description.
Edition: Cite the applicable edition of the Code for which the interpretation is being

requested.
Question: Phrase the question as a request for an interpretation of a specific require-

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

Requests that are not in this format will be rewritten in this format by the Committee prior to
being answered, which may inadvertently change the intent of the original request.

ASME procedures provide for reconsideration of any interpretation when or if additional in-
formation that might affect an interpretation is available. Further, persons aggrieved by an in-
terpretation may appeal to the cognizant ASME Committee. ASME does not “approve,” “certify,”
“rate,” or “endorse” any item, construction, proprietary device, or activity.

Attending Committee Meetings. The PTC 6 Standards Committee holds meetings or telephone
conferences, which are open to the public. Persons wishing to attend any meeting or telephone
conference should contact the Secretary of the PTC 6 Standards Committee.

xii
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STEAM TURBINES

Section 1
Object and Scope

ASME PTC 6-2004

1

variations between the full-scale and alternative tests as
long as the philosophy of minimum uncertainty is fol-
lowed in detail.

1-3.1 Full-Scale Test

The full-scale test requires extensive thermal cycle
measurements and calculations which provide detailed
information about the turbine HP, IP, and LP individ-
ual component performance. A full-scale test will pro-
duce results with a minimum of uncertainty.

1-3.2

The full-scale test with condensate flow measurement
is recommended for conducting acceptance tests of fos-
sil unit steam turbines. Without prior written agreement
between the parties to an acceptance test, this procedure
shall be used.

1-3.3 Alternative Test

The alternative test relies on fewer measurements and
makes greater use of correction curves for cycle adjust-
ments and heater performance with resultant cost 
savings over the full-scale test. The test uncertainty is
slightly increased compared with the full-scale test. For
a nuclear unit, the alternative test with feedwater flow
measurement may be preferred depending on the tur-
bine cycle design. Use of this procedure requires agree-
ment between the parties to an acceptance test.

1-3.4

The data from the alternative test procedure may pro-
duce a slightly higher uncertainty in results, particularly
if there is substantial divergence between the test and
specified cycle. The parties to the test must agree on a
course of action if the turbine fails to meet specified per-
formance. The alternative test may not provide the in-
formation necessary to determine individual compo-
nent performance compared to expected, because only
those measurements needed to calculate test heat rate
and permit comparison to specific conditions are re-
quired. It is recommended that all provisions and source

1-1 OBJECT

This Code provides procedures for the accurate test-
ing of steam turbines. It is recommended for use in con-
ducting acceptance tests of steam turbines and any other
situation in which performance levels must be deter-
mined with minimum uncertainty. It is the intent of this
Code that accurate instrumentation and best possible
measurement techniques be used to determine the per-
formance. In planning and running the test, the parties
must strive to follow the Code procedures as closely as
possible to achieve the lowest level of uncertainty.

1-2 SCOPE

This Code may be used for testing of steam turbines
operating either with a significant amount of superheat
in the initial steam (typically fossil-fueled units) or 
predominantly within the moisture region (typically 
nuclear-fueled units).

This Code contains rules and procedures for the con-
duct and reporting of steam turbine testing, including
mandatory requirements for pretest arrangements, in-
struments to be employed, their application and meth-
ods of measurement, testing techniques, and methods
of calculation of test results. The performance parame-
ters which may be determined from a Code test include:

(a) heat rate
(b) generator output
(c) steam flow
(d) steam rate
(e) feedwater flow
It also contains procedures and techniques required

to determine enthalpy values within the moisture region
and modifications necessary to permit testing within the
restrictions of radiological safety requirements in nu-
clear plants.

1-3 FULL-SCALE AND ALTERNATIVE TESTS

Two steam turbine testing procedures are presented.
For either procedure, primary flow may be measured
either in the condensate or feedwater line downstream
of the final feedwater heater. The parties may agree to
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connections for a full-scale test be included in the de-
sign of the cycle, should such a test be required at a later
time, and to facilitate individual turbine component per-
formance testing.

1-4 CONFORMANCE TO CODE

1-4.1

Other procedures and instrumentation may be used
only if they have demonstrated accuracy equivalent to
that required by this Code. Only the relevant portion of
this Code need apply to any individual case.

1-4.2

The tests should be conducted with the strictest pos-
sible adherence to the provisions of this Code. However,
equipment limitations may dictate that the parties can-
not comply with one or more Code requirements be-
cause of a conflict with another condition specified by
the Code. In such cases, agreement between the parties
is necessary. The agreement shall conform to the intent
of the Code as closely as possible. The agreement should
provide details for handling departures from specific
Code requirements.

1-4.3

Any departure from Code requirements must be
agreed upon in writing and conform to the intent of the
Code. In the absence of written agreement, the Code re-
quirements shall be mandatory.

1-4.4 Uncertainty of Code Test

The results of a full-scale Code test, expressed as a
heat rate, for a typical fossil fuel reheat cycle unit have
an uncertainty of about 1/4% compared to an uncertainty
of about 1/3% for the alternative test. Test results for
steam turbines operating predominantly within the
moisture region have uncertainties of about 3/8% and
1/2%, respectively. Values of uncertainty will be affected
by cycle configuration and equipment type and may be
significantly higher. Section 9 discusses the rationale for

heat rate uncertainty and demonstrates examples of un-
certainty calculations in Tables 9-1–9-4.

1-4.5

A post-test uncertainty analysis performed according
to procedures as described in PTC 19.1 is recommended.
However, a post-test uncertainty analysis may be made
optional upon agreement by the parties that a test ad-
hered to all instrumentation requirements and proce-
dures contained in this Code.

1-4.6

Code instrumentation and procedures may not al-
ways be economically feasible or physically possible for
specific turbine acceptance tests. In these cases, the Code
user should consider whether the cycle configuration is
the primary reason for the infeasibility or impossibility
of complying with PTC 6 and whether the cycle config-
uration is one for which PTC 6.2 is the more applicable
Code. Alternatively, the Code user should consult PTC
6 Report for guidance in designing the test and calcu-
lating the test uncertainty.

1-5 ADDITIONAL REQUIREMENTS 
AND REFERENCES

1-5.1

The provisions of the Code on General Instructions,
PTC 1, are a mandatory part of this Code. PTC 1 should
be studied and followed in detail when preparing the
procedure for testing a specific steam turbine.

1-5.2

The Code on Definitions and Values, PTC 2, defines
certain technical terms and numerical constants which
are used throughout this Code. Unless otherwise spec-
ified in this Code, instrumentation should comply with
the appropriate sections of Supplements on Instruments
and Apparatus, PTC 19 series.

1-5.3

An Appendix to this Code, PTC 6A, published sepa-
rately, gives numerical examples of various calculations
of test results.

ASME PTC 6-2004 STEAM TURBINES
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Section 2
Definitions and Description of Terms

STEAM TURBINES ASME PTC 6-2004

3

2-1 SYMBOLS

The following symbols are to be used unless otherwise defined in the text.

Units

Symbol Definition U.S Customary SI

A Area in.2 m2

d Primary element throat diameter in. m

D Pipe internal diameter in. m

F Force lbf N

g Local value of acceleration due to gravity ft/sec2 m/s2

go Standard value of acceleration due to gravity � ft/sec2 m/s2

32.174 05 ft per sec per sec (9.80665 meters per sec 
per sec). This is an internationally agreed upon value 
which is close to the mean at 45 deg N latitude at 
sea level

h Enthalpy Btu/lbm kJ/kg

J Mechanical equivalent heat, (1 Btu � 778.17 ft lbf � Btu J
1/3412.14 kWhr)

M Moisture fraction � 1 � (x/100) Ratio Ratio

m Mass lbm kg

N Rotational speed rpm rad/s

P Power kW or hp kW

p Pressure psia kPa

s Entropy Btu/lbm°R kJ/(kgK)

t Temperature °F (K) °C1

T Absolute temperature °R K

V Velocity ft/sec m/s

� Specific volume ft3/lbm m3/kg

w Rate of flow lbm/hr kg/s

x Quality of steam percent percent

� Beta ratio, d/D Ratio Ratio

� Efficiency percent percent

� Density lbm/ft3 kg/m3

� Specific weight lbf/ft3 N/m3

2-2 ABBREVIATIONS

Units

Abbreviation Term U.S. Customary SI

HR Heat rate Btu/kWhr J/J
Btu/hp-hr kJ/kWh1

SR Steam rate lbm/kWhr kg/kJ
lbm/hp-hr kg/kWh1

NOTE:

(1) Tolerated non-SI Unit.
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4

1 It may be necessary to correct for pressure drop in piping between reheat or low-pressure stop valves, intercept valves, steam dump
valves, and turbine shell if such piping is not furnished under the turbine contract.

2-3 SUBSCRIPTS

g Generator

r Rated condition

c Corrected

s Specified operating condition, if other than rated

t Test operating condition

1 Condition measured at a point directly preceding the turbine stop valves and steam strainers, if furnished under the turbine con-
tract

2 For turbines using superheated steam: condition at turbine outlet connection leading to the first reheater. For turbines using pre-
dominantly wet steam: condition at turbine outlet connection leading to external moisture separator.

3 For turbines using superheated steam: condition downstream of the first reheater, measured at a point directly preceding the re-
heat stop valves, intercept valves, or steam dump valves, whichever are first, if furnished under the turbine contract.1 For tur-
bines using predominantly wet steam: condition at external moisture separator outlet.

4 For turbines using superheated steam: condition at turbine outlet connection leading to the second reheater. For reheat turbines
using predominantly wet steam: condition downstream of the reheater, measured at a point directly preceding the reheat-stop
valves, intercept valves, or steam dump valves, whichever are first, if furnished under the turbine contract.1

5 For turbines using superheated steam and two stages of reheat: condition downstream of the second reheater, measured at a
point directly preceding the reheat stop valves, intercept valves, or steam dump valves, whichever are first, if furnished under the
turbine contract1

6 Condition at turbine exhaust connection

7 Condition at condenser-condensate discharge

8 Condition at condensate pump discharge

9 Condition at feedwater pump or feedwater booster pump inlet

10 Condition at feedwater pump discharge

11 Condition at the discharge of the final feedwater heater

a1 Superheater desuperheating water

a2 First reheater desuperheating water

a3 Second reheater desuperheating water

c1 Condenser circulating water leakage

E Extraction steam

e Make-up water admitted to the condensate system

p1 Packing leak-off (shaft or valve stems)

i,ii, . . . n Sequence

The temperature-entropy diagrams shown in Fig. 2-1(a) through (c) are intended to serve as a key to the nu-
merical subscripts employed in the foregoing.
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s

t Condensate pump

Condensate heating

Feedwater pump

Feedwater heating

11

10

9

8

7 6

Reheaters

1 3 5

2 4

Economizer,
boiler, and
superheater

(a) Turbines Operating Predominantly in the
 Superheated Steam Region

Moisture
separator

Steam
generator

s

t tCondensate pump

Condensate heating

Feedwater pump

Feedwater heating

11

10

9

8

7 6

2 3

1

(b) Temperature-Entropy Diagram Without Reheat

Moisture
separator

Reheaters
Steam

generator

s

Condensate pump

Condensate heating

(b and c) Turbines Operating Predominantly
in the Wet-Steam Region

Feedwater pump

Feedwater heating

11

10

9

8

7 6

2 3

41

(c) Temperature-Entropy Diagram With Reheat

Fig. 2-1 Temperature-Entropy Diagrams
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2-4 DEFINITIONS

This section defines various terms used in this Standard.

Units

Term Definition U.S Customary SI

Steam rate Steam consumption per hour per unit output in which the turbine is lbm/kWhr kg/kJ
charged with the steam quantity supplied. lbm/hp-hr kg/kWh [Note (1)]

kg/kJ
kg/kWh [Note (1)]

Heat rate Heat consumption per hour per unit output. The turbine is charged with Btu/kWhr J/J
the aggregate enthalpy1 of the steam supplied plus any chargeable Btu/hp-hr kJ/kWh [Note (1)]
aggregate enthalpy added by the reheaters. It is credited with the J/J
aggregate enthalpy of feedwater returned from the cycle to the steam kJ/kWh [Note (1)]
generator. Turbine-generator performance may be defined on the 
basis of the gross power output at the generator terminals less the 
power used by the minimum electrically driven turbine auxiliaries and 
excitation equipment, supplied as part of the turbine-generator unit, 
required for reliable and continous operation.

Valve-loop curve The continuous curve of actual heat rate for all values of output over 
the operating range of the unit.

Mean of the valve loops A smooth curve that gives the same load-weighted average performance 
as the valve-loop curve.

Valves Wide Open (VWO) Maximum control valve opening obtainable under normal turbine 
control system operation.

Valve points Those valve positions which correspond to the low points of the valve-
loop curve.

Locus curve The continuous curve connecting the valve points.
Power The useful energy, per unit of time, delivered by the turbine or turbine- hp-hr/hr or

generator unit. kWhr/hr

NOTE:
(1) Aggregate enthalpy: Product of enthalpy, Btu/lbm (kJ/kg) and rate of flow, lbm/hr (kg/h); Btu/hr (kJ/h).

Quantity SI Units Conversion Factor

Heat rate J/J 2.9307 � 10�4 � (Btu/kWhr)
kJ/kWh1 1.05506 � (Btu/kWhr)

Steam rate kg/kJ 1.260 � 10�4 � (lbm/kWhr)
kg/kWh1 0.4536 � (lbm/(kWhr))

Mass flow kg/s 1.260 � 10�4 � (lbm/hr)
Pressure kPa 6.8948 � (psi)

bar1 0.068948 � (psi)
Temperature K (°F � 459.67)/1.8

°C1 (°F � 32)/1.8
Differential temperature K °F/1.8
Density kg/m3 16.018 � (lbm/ft3)
Enthalpy kJ/kg 2.3260 � (Btu/lbm)
Entropy kJ/(kgK) 4.1868 � (Btu/lbm°R)
Specific heat kJ/(kgK) 4.1868 � (Btu/lbm°R)
Length m 0.3048 � (ft)
Area m2 0.92903 � (ft2)
Volume m3 0.028317 � (ft3)
Velocity m/s 0.3048 � (ft/sec)

NOTE:
(1) For temperature differentials, “K” must be used.

2-5 TABLE FOR CONVERSION TO SI UNITS
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Section 3
Guiding Principles

(g) method of handling leakage flows, orifice contin-
uous drain flows, continuous blowdowns, etc. to avoid
complications in testing or the introduction of errors.

(h) method of complying with the criteria and rec-
ommendation of ASME Standard No. TDP-1, Parts 1
and 2, “Recommended Practices for the Prevention of
Water Damage to Steam Turbines Used for Electric
Power Generation,” as related to handling of, or ac-
counting for, drain flows.

(i) means of measuring pump-shaft seal and leakage
flows.

(j) number and location of temperature wells and
pressure connections.

(k) number and location of duplicate instrument con-
nections required to ensure correct measurements at
critical points.

(l) calibration and connection of instrument trans-
formers to be used for measuring electrical output.

(m) where a plant computer is used for data acquisi-
tion, provisions for total-system, in-place calibration of
station instrumentation and computer (Calibration
should include comparison of known inputs to the out-
put of the computer).

(n) method of determining the differential pressure
across control valve(s) to satisfy the provisions of paras.
3-13.2 and 3-13.4 (Pressure tap should be provided im-
mediately upstream and downstream of the last control
valve(s) to open).

(o) method of determining steam quality, including
sampling technique as required (The recommended
methods are tracer, heater-drain flow measurements,
and calorimeter method).

(p) responsibility for obtaining a license for radioac-
tive tracer and method of shipping, receiving, handling,
storing, and using both the tracer and its associated
equipment.

(q) level of undue deterioration at which the accept-
ance test will be postponed until after the first internal
inspection.

(r) method of establishing the efficiency of the feed-
water pump turbine, if required.

(s) criteria for instrument recalibration after the test.

3-2.2 Agreement Prior to Test

The following is a list of typical items upon which
agreement shall be reached prior to conducting the
test.

3-1 PLANNING FOR TEST

3-1.1 Requirements for Agreements

The parties to any test under this Code shall reach
definite agreement on the specific objective of the test
and method of operation. This agreement shall reflect
the intent of any applicable contract or specification.
Any specified or contract operating conditions or spec-
ified performance pertinent to the objective of the test
shall be ascertained. Unless the alternative test proce-
dures are specified, full-scale test procedures shall be
used. Omissions or ambiguities about any of the condi-
tions must be eliminated or their values or intent agreed
upon before the test is started. The cycle arrangement,
operating conditions, and testing procedures shall be es-
tablished during the agreement on test methods.

3-2 ITEMS ON WHICH AGREEMENT SHALL 
BE REACHED

3-2.1 Agreement During Engineering Phase

The following is a list of typical items upon which
agreement shall be reached during the engineering
phase of a new unit or modification of an existing unit.

(a) objective of test and methods of operation.
(b) the intent of any contract or specifications as to

use of the alternative test procedure, which must include
a review of specified heat cycle and final expected val-
ues (refer to para. 3-4.1).

(c) the intent of any contract or specifications as to
timing of test, operating conditions, and guarantees, in-
cluding definitions of heat rate, method of comparing
test results with guarantee, and responsibility for the
preparation of test report(s).

(d) location of, and piping arrangement around, pri-
mary flow measuring device(s) on which test calcula-
tions are to be based (see paras. 4-9.1 through 4-9.7).

(e) location and type of secondary flow measuring de-
vices and provisions for calibration, including tempo-
rary piping for in-place calibration, if required.

( f ) number and location of valves or other means re-
quired to ensure that no unaccounted-for flow enters or
leaves the test cycle or bypasses any cycle component
(In a nuclear plant, particular note must be taken of
make-up lines and emergency valving that may not be
blocked off and for which accounting must be made.
(see para. 3-5.8).
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(a) procedure for determining the condition of the
turbine prior to the test (see paras. 3-3.1, 3-3.2, and 3-4.5)

(b) location, type, and calibration of instruments (see
para. 3-10.1)

(c) methods of measurement not established in (b)
(d) isolation of cycle during test (see Subsection 3.5)
(e) method of detecting excessive feedwater-heater

leakage (see para. 4-16.6)
(f ) means for maintaining constant test conditions

(see paras. 3-8.1 and 3-8.2)
(g) method of isolating or arresting control valve ac-

tion, such as those caused by variations in combustion-
control systems signal, electrical system, etc.

(h) operating conditions at which tests are to be con-
ducted, including, but not limited to, the loads, valve
settings, or valve points to be used for each run (see
paras. 3-8.3 and 3-13)

(i) position of manually and automatically operated
valves (see para. 3-8.9)

(j) frequency of observations (see para. 3-9.2)
(k) number of test runs at the same test point (see

paras. 3-7.1 and 3-7.2) (I, duration of test runs) (see para.
3-9.2)

(l) duration of operation at test load before readings
are commenced (see para. 3-8.1)

(m) computer or data acquisition system to be used
for test data acquisition and analysis

(n) arrangements for data acquisition and analysis,
including calibration of data acquisition system

(o) procedures and format for recording data
(p) organization and training of test personnel and

identification of the responsibility for the test (see paras.
3-4.2, 3-4.3, and 3-4.5)

(q) procedures for calculating test results
(r) curves to correct for measured generator output

for deviations from specified power factor and hydro-
gen pressure

(s) corrections for deviation of test steam conditions
from those specified (see para. 3-12)

(t) curves to correct test heat rate to specified cycle
conditions (alternative test only)

(u) method of conducting test runs to determine the
value of any correction factors (see paras. 3-4.5 and 
3-12)

(v) method of handling deviations beyond the stated
permissible levels as a result of a mismatch between test
timing and seasonal effects on operating conditions

(w) where a nuclear unit is involved, all test plans
must reflect compliance with the technical specification
for that unit

(x) load limitations caused by licensing considera-
tions (nuclear steam-supply limitations or otherwise)
which prevent attainment of full power within a prac-
tical time period

(y) deviations from test arrangements and proce-
dures that may be required due to a radioactive envi-
ronment in the testing area

3-3 TIMING OF ACCEPTANCE TEST

3-3.1 Scheduling of Acceptance Test

The acceptance test should be scheduled as soon as
practicable, preferably within eight weeks, after the tur-
bine is first loaded. This allows for detailed planning,
material procurement, instrument acquisition, prepara-
tion, shipment, controls adjustment, preliminary tests,
and detection and correction of problems with the unit.

The tests should be conducted if no serious operating
difficulty has been experienced and there is reasonable
assurance the unit is free of deposits and undamaged.

It is the intent during this period to minimize per-
formance deterioration and risk of damage to the tur-
bine. Enthalpy drop tests or preliminary tests should be
made during this period to monitor the performance of
turbine sections operating entirely in the superheat re-
gion. However, enthalpy drop tests do not provide per-
formance for turbine sections with a wet exhaust. There-
fore, it is imperative to conduct the acceptance test as
soon as possible.

In any event, if the enthalpy drop tests show undue
deterioration, or if plant conditions delay the tests for
more than four months after initial operation, the ac-
ceptance test should be postponed until immediately
following the first internal inspection, provided that
any deficiencies in the turbine generator affecting per-
formance have been corrected during the inspection
period. Except with written agreement to the contrary,
the acceptance test shall take place within the war-
ranty period specified in the contract. Adjusting of
heat rate test results to start-up enthalpy drop effi-
ciencies or for the effects of aging is not permitted by
this Code.

In lieu of an internal inspection, the following meth-
ods may be used prior to the acceptance test to estab-
lish the approximate condition of the turbine.

(a) For turbines using superheated steam, a compar-
ison between enthalpy-drop efficiency tests conducted
immediately after the start-up and again immediately
before the test (see para. 3-3.2).

(b) By Running Preliminary Tests. For turbines operat-
ing predominantly in the moisture region, this may be
the only applicable method.

(c) By a Combination of These Methods. If the turbine is
shut down prior to the test, an inspection of all accessi-
ble parts is desirable. The parties to the test must agree
as to the action to be taken on evidence of deterioration.

3-3.2 Performance Benchmark Determinations

It is desirable that a performance benchmark be es-
tablished immediately after the turbine is first placed in
service, so that, should the Code test be delayed past
eight weeks, there can be reasonable assurance that the
turbine has not been damaged or become fouled with
deposits during the intervening period of operation (see

ASME PTC 6-2004 STEAM TURBINES
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para. 3-3.1). For turbines operating in the superheated
steam region, the internal efficiency (actual enthalpy
drop divided by the isentropic drop) of each turbine el-
ement should be determined by measurement of the
pressure and temperature of the steam entering and
leaving the section. These measurements should be
made with all control valves fully open. The instru-
mentation to be used for the benchmark testing shall
meet the same accuracy and calibration requirements
specified for Code test measurements.

Unlike the intermediate-pressure turbine section, for
which efficiency is substantially constant over a wide
range of steam flow, the efficiency of the high pressure
section is affected by the position of the control valves.
If it is not possible to bring the turbine up to full load
immediately after initial start-up, the internal efficiency
test should be made by reducing the throttle steam
pressure sufficiently to permit operation with fully
open control valves without exceeding limitations on
output. The internal efficiencies of all turbine sections
measured under these conditions will then be com-
pared with tests run with design steam pressures and
fully open control valves. Steam pressure and temper-
ature measurements (or test data) should be supple-
mented with output measurements to provide data on
the low-pressure section of the turbine. With some
stages operating in the wet-steam region, the low pres-
sure section cannot be checked by internal efficiency
measurements.

When a turbine has wet steam exhausting from all
sections (such as a turbine with a nuclear steam sup-
ply), it is not possible to use an enthalpy-drop effi-
ciency test to establish benchmark performance. If a
preliminary heat rate test can be performed, this would
be an excellent method to establish benchmark per-
formance. If this is not practical, however, it is recom-
mended that a “capacity” test be conducted at the li-
censed thermal output of the nuclear steam supply
system. In a capacity test, cycle conditions are stabi-
lized, and electrical output of the generator is carefully
measured, together with all cycle conditions which af-
fect performance, such as initial and condenser pres-
sure. Generator output is corrected for differences in
cycle conditions from their nominal values using ap-
propriate correction factor curves. It is also corrected
for any difference between measured and licensed re-
actor thermal output, assuming electrical output is pro-
portional to reactor thermal output. This corrected elec-
trical can then be used as a benchmark, since it can be
compared to an electrical output derived in exactly the
same way at the time of the test. The accuracy of this
procedure depends upon the repeatability of electrical
and reactor thermal output. Since this capacity test is
performed with a measured heat input, it is analogous
to a simplified heat rate test; therefore, it is necessary
to isolate the cycle to achieve an accurate determina-
tion of any deterioration.

3-4 GENERAL TEST REQUIREMENTS

3-4.1

Various methods are presented in the Code for con-
ducting certain details of the test and computing the
results. The test report shall state which alternatives
have been employed (see Section 6). Since the alterna-
tive method requires fewer measurements, it is im-
portant that cycle components operate close to speci-
fied conditions. If not, appropriate corrections must be
developed reflecting test conditions to minimize the
uncertainty.

3-4.2

The parties to the test may designate a person to di-
rect the test and serve as mediator in event of disputes
as to the accuracy of observations, conditions, or meth-
ods of operation.

3-4.3

Designated representatives of the parties to the test
shall be present to verify that the test is conducted in
accordance with this Code and the arrangements made
prior to the test.

3-4.4

Provisions shall be made for all precautions specified
in Section 4 for respective measurements.

Provisions for cycle isolation shall be made in accor-
dance with para. 3-5.

3-4.5

Preliminary tests may be run for the purpose of
(a) determining whether the turbine and plant are in

a suitable condition for the conduct of the test (see paras.
3-3.1 and 3-3.2)

(b) checking all instruments
(c) training personnel
(d) establishing valve points
(e) determining corrections for deviation of condi-

tions from specified
(f ) confirming cycle isolation

3-4.6 Test Data

Unless an agreement is reached to the contrary,
records shall be kept of all test data before the appli-
cation of any calibration factors, corrections, conver-
sions, or statistical analysis. A copy of the original
records shall become the property of each of the prin-
cipal parties to the test. No original data may be erased
or deleted.
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3-5 ISOLATION OF THE CYCLE

3-5.1 General

The accuracy of the test results depends on the isola-
tion of the system. Cycle isolation is equally important
to both the full-scale and alternative procedures. Extra-
neous flows should be isolated, if possible, to eliminate
errors. Extraneous flows for equipment that is included
in the contract cycle should be isolated only with mu-
tual agreement by the parties. If there is any doubt about
the ability to isolate extraneous flows during the test,
preparations shall be made prior to the test to measure
the flows.

3-5.2 Equipment and Flows

The equipment and flows to be isolated and method
to accomplish this should be outlined well ahead of the
initial operation date of the turbine.

3-5.3 External Isolation

External isolation deals with flows which enter or
leave the turbine cycle, such as condensate make-up or
boiler blowdown flow. This system isolation shall be ef-
fected so that the difference between the sums of the
measured storage changes and entering and leaving
flows (the unaccounted-for leakage) is minimized. The
unaccounted-for leakage shall not exceed 0.1% of the
test throttle flow at full load. Excessive unaccounted-for
leakages shall be eliminated before continuing the test.
Water storage in the condenser, deaerating and other
extraction feedwater heaters, steam generator drum(s),
moisture separators, and any other storage points
within the cycle are to be taken into account.

3-5.4 Internal Isolation

Internal isolation deals with flows which do not en-
ter or leave the turbine cycle but may bypass the com-
ponent they were designed to go through. Examples of
such flows are steam line drain flows to the condenser
or feedwater heater bypass flows. Internal isolation can-
not be verified by the inventory summation method dis-
cussed above. The isolation procedure given in paras.
3-5.6 and 3-5.8 must be followed to verify internal iso-
lation.

3-5.5 Flows That Shall be Isolated

The following list includes items of equipment and
extraneous flows that shall be isolated:

(a) large-volume storage tanks not directly in the 
cycle.

(b) evaporators and allied equipment, such as evap-
orator condenser and preheaters.

(c) bypass systems and auxiliary steam lines for start-
ing.

(d) bypass lines for primary flow measuring devices.
(e) turbine sprays.
(f ) drain lines on stop, intercept, and control valves.
(g) drain lines on main steam, cold reheat, hot reheat,

and extraction steam piping.
(h) interconnecting lines to other units.
(i) demineralizing equipment. Isolation of deminer-

alizing equipment does not necessarily mean removing
the equipment from the cycle (It does, however, mean
that all ties with other units must be isolated and such
components as recirculating lines that affect the primary
flow measurement must be isolated or the flows mea-
sured).

(j) chemical feed equipment using condensate.
(k) steam generator fill lines.
(l) steam generator vents.
(m) steam-operated soot blowers.
(n) condensate and feedwater flow bypassing heaters.
(o) heater drain bypasses.
(p) heater shell drains.
(q) heater water-box vents.
(r) hogging jets.
(s) condenser water-box priming vents.
(t) steam or water lines for station heating.
(u) steam or water lines installed for water washing

the turbine.

3-5.6 Flows That Shall be Isolated or Measured

Extraneous flows which enter or leave the cycle or by-
pass a component in such a manner that if ignored will
cause an error in the flows through the turbine shall be
isolated or measured. Typical of such flows are

(a) boiler-fire-door cooling and boiler-slag-tap cool-
ing-coil flows.

(b) sealing and gland cooling flow on the following
(both supply and return):

(1) condensate pumps
(2) feedwater pumps
(3) boiler or reactor-water circulating pumps
(4) heater drain pumps when not self sealed
(5) turbines for turbine-driven pumps
(6) reactor control-rod drive flows

(c) desuperheating water flow.
(d) feedwater pump minimum-flow lines and balance

drum flow when the piping is arranged to allow recir-
culation of the flow through the primary flow element.

(e) steam for fuel oil atomization and heating.
(f ) steam generator blowdowns.
(g) turbine water-seal flows.
(h) desuperheating water for turbine cooling steam.
(i) emergency blowdown valve or turbine-packing

leakage and sealing steam.
(j) turbine water-seal overflows.
(k) steam, other than packing leakage steam, to the

steam-seal regulating valve.
(l) make-up water, if necessary.
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(m) pegging or sparging steam (such as higher stage
extraction at low loads) for low-pressure operation of
deaerator.

(n) heater shell vents are to be closed, if possible, and
if not possible, shall be throttled to a minimum.

(o) deaerator overflow line.
(p) deaerator vents shall be throttled to a minimum.
(q) water leakage into any water-sealed flanges, such

as water-sealed vacuum breakers.
(r) pump-seal leakage leaving the system.
(s) automatic extraction steam for industrial use.
(t) continuous drains from wet-steam turbine casings

and connection lines.
(u) subcooled moisture used for moisture separator

reheater coil-drain cooling.
(v) reactor core spray.
(w) heater-blanketing steam lines.
(x) water and steam sampling equipment. If it is im-

possible to isolate water and steam sampling equipment
and if the sampling flow is significant, it shall be mea-
sured.

(y) steam to air preheaters.

3-5.7

For the full-scale test, when it is impossible to mea-
sure shaft packing leakage, valve-stem leakage, internal
turbine leakage, and turbine drain flows, it will be nec-
essary to use calculated values. For the alternative pro-
cedure, calculated values may be used in lieu of mea-
sured values.

3-5.8 Methods of Isolating

The following methods are suggested for isolating or
verifying isolation of miscellaneous equipment and ex-
traneous flows from the primary feedwater cycle:

(a) use of double valves and telltales
(b) use of blank flanges
(c) use of blank between two flanges
(d) removal of spool piece for visual inspection
(e) visual inspection for steam blowing to atmosphere

from such sources as safety valves and valve-stem pack-
ings

(f ) use of a closed valve that is known to be leak proof
(test witnessed by both parties) and not operated prior
to or during test

(g) tracer indicator of presence of leakage
(h) for steam lines terminating at the condenser, pipe

surface temperature indication
(i) for bypass lines around feedwater heaters, tem-

perature measurement of condensate/feedwater before
and after the bypass lines tee into the condensate/feed-
water lines

(j) temperature measurement for situations other
than described in (h) and (i) (acceptable only under cer-
tain conditions with mutual agreement necessary)

(k) acoustic techniques, with mutual agreement

3-6 LOCATION OF TURBINE VALVE POINTS

3-6.1

The method used to establish turbine valve points de-
pends on valve point definition. A valve point may be
established in terms of high-pressure turbine efficiency,
certain measured turbine pressures, or valve-stem posi-
tions. The turbine is then tested accordingly.

3-6.2

For units with a high-pressure section operating en-
tirely in the superheat region, a valve point may be lo-
cated by finding a point of local maximum high-pressure
section efficiency. To do this, the flow to the unit is
changed in small increments throughout a range, which
includes the valve point. At each flow increment, pres-
sure and temperature measurements are taken at both in-
let and exhaust so that high-pressure section efficiency
can be derived. A local maximum efficiency will be evi-
dent, provided suitable instruments and test procedures
have been used. During testing, a parameter that varies
with flow (such as control valve position(s) or pres-
sure ratio across either the first stage or complete high-
pressure section) should also be recorded so the valve
point can be readily set during the test series.

3-6.3

A valve point established in terms of pressures is
found by measuring pressure at a tap provided for each
steam admission zone served by a valve. While the valve
remains closed, the pressure in this zone will be nearly
the same as the first stage pressure of the turbine. As
the valve opens, the difference between these two pres-
sures will gradually change, and the zone pressure will
rise above the first stage pressure.

3-6.4

A valve point established in terms of valve stem po-
sition is found by taking the appropriate measurements
during operation.

3-6.5

If valve points are located prior to the start of the test
series, time and labor can be saved during the tests.

3-6.6

Valve points are numbered consecutively from the
minimum arc of admission. For example, consider a ma-
chine with four control valves designed such that the
first two valves open together. The first valve point oc-
curs where the third valve is about to open, and the sec-
ond valve point occurs where the fourth valve is about
to open.
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3-7 NUMBER OF TEST RUNS

3-7.1 Recommended Test

As a minimum, duplicate test runs should be per-
formed at valves-wide open and two part load points.
Duplicate test runs at the same operating condition re-
duce the random error component of uncertainty. The
part load tests should be performed at valve points to en-
sure that duplicate test runs are at the same conditions.
The test series should begin and end with the same valve
point test run, preferably the valves-wide-open test run.

Consecutive tests should not be performed at the
same load without changing valve positions and break-
ing isolation. It may be necessary to break isolation to
maintain hotwell level during the load change. Load
change should be at least to the next higher, or lower,
valve point, or, for full-arc admission turbines, at least
15% of load.

The criteria of para. 3-7.2 are to verify that operating
conditions during duplicate test runs are correct, pro-
vided that changes in load and isolation are made be-
tween these duplicate runs. If the criteria are not met,
according to PTC 1-2004, para. 3-10.2, the parties to the
test may eliminate the test runs by mutual agreement.
The criteria are to verify correct operating conditions
and not to determine statistical outliers.

The heat rate differences used are based on experi-
ence and do not relate directly to uncertainties in Tables
9-1 through 9-4.

3-7.2 Duplicate Test Runs

The requirements of this Code for agreement between
the results of duplicate test runs are illustrated by sev-
eral hypothetical sequences of test results in examples
(a) through (g) below. When two test runs are conducted
at the same test point, the corrected test heat rates shall
agree within 0.25%. Thus, neither test differs from the
average by more than one-half this amount or 0.125%.
Units for the heat rates in the following are Btu/kWhr.

(a) 2 test runs within 0.25%
8009
7991
use average � 8000

If the two test runs differ by more than 0.25%, addi-
tional test runs are required at the same test point until
the corrected heat rates of at least two test runs agree
within the 0.25%. If more than one pair of test runs meets
the 0.25% criterion, then the pair that most closely falls
on the locus curve of the corrected test heat rates from
other test points shall be accepted. Alternatively, an-
other test run may be made.

(b) 3 test runs with third outside range of other two
8010 � 0.25% from nearest one
7988
7980
use average of last two � 7984

(c) 3 test runs agree with third test run between other
two

8015
7985 � 0.25% from first one
8000
use average from third test (8000) in a pair that
best fits locus curve

(d) 3 test runs with third test run between other two,
followed by a fourth test run

8011 � 0.25% from nearest one
7979
7988
7983
use average of last three � 7983

If no two corrected heat rates fall within 0.25% of each
other after three test runs have been made at the same
test point, the test procedure and instrumentation must
be carefully reviewed to determine and correct the cause
before proceeding to run more test runs.

(e) 3 test runs with no pair within 0.25%
8021
8000
7979
find cause before proceeding

At any one test point, all corrected test heat rates
falling within 0.125% of their average shall be accepted.

(f ) 4 tests with close grouping
8010
8005
8012
8000
use average of all four � 8007, since each is within
0.125% of their average.

3-8 TESTING CONDITIONS

3-8.1 Constancy of Test Conditions

Preparatory to any test run, the turbine and all associ-
ated equipment shall be operated for a sufficient time to
attain steady-state condition. Steady-state conditions shall
have been attained when the criteria of para. 3-8.3 are met.

When a tracer is used for determining steam quality, the
injection period should commence sufficiently prior to the
start of the test run to attain equilibrium. As a guide, it may
be conservatively expected that equilibrium is attained
when a time period, equal to twice the calculated transit
time through the longest injection line plus the longest
sample line following the commencement of injection, has
passed. For the purpose of this Code, equilibrium shall
have been attained when the concentration of tracer in two
consecutive samples taken during the test at a 30 minute
interval differ by no more than 3% from one another.

3-8.2

Appropriate means shall be employed for securing
constant load. This may be accomplished by blocking
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the valve-gear or control valve travel in the opening di-
rection at the desired load, leaving the control valves
free to move in the closing direction in the event of up-
sets or emergency situations. While the machine is so
operating, it will be unable to carry more load than that
for which the valve-gear or control valves are blocked
but will regulate the turbine at a slightly higher speed
in the event of loss of load.

3-8.3 Operating Conditions

Every effort shall be made to run the tests under spec-
ified operating conditions, or as close to specified oper-
ating conditions as possible in order to avoid the appli-
cation of corrections to test results, or minimize the
magnitude of the corrections. In addition, variations in
any condition that may influence the results of the test
shall be made as nearly constant as practicable before
the test begins and so maintained throughout the test.
Steam generator and turbine controls shall be fine-tuned

prior to the test to minimize deviation of variables. Table
3-1 lists the permissible deviation of variables prescribed
with the exceptions as noted in para. 3-8.11. A slow
change in variables, or “drift,” during the test run will
frequently occur in addition to the fluctuations ad-
dressed in Table 3-1. For some key parameters, “drift”
should be limited to 50% of the permissible deviations
presented in Table 3-1 for the average of the test condi-
tions from design or rated conditions. These key pa-
rameters are initial steam pressure, initial and reheat
steam temperature, exhaust pressure, output, and
speed. Operating within the limits of Table 3-1 is espe-
cially important for the alternative test, since more cor-
rection curves are used than in the full-scale test.

3-8.4

Hydrogen purity should be maximized to decrease
windage loss, and improve heat transfer for safety rea-
sons. Operating manuals specify a minimum hydrogen

Table 3-1 Permissible Deviation of Variables

Permissible Deviation for the Average

of the Test Conditions from Design or Permissible Fluctuations During Any

Variable Rated Conditions [Note (1)] Test Run [Note (2)]

Initial steam pressure �30% of the absolute pressure �0.25% of the absolute pressure or 5.0
psi (34.5 kPa), whichever is larger

Initial and reheat steam temperature �15°F (8K) when superheat is 27°–50°F �4°F (2K) when superheat is 27°–50°F
(15–30K); �30°F (16K) when super- (15–30K); �7°F (4K) when superheat
heat is in excess of 50°F (30K) is in excess of 50°F (30K)

Initial steam quality �0.5 percentage points of quality for �0.1 percentage points of quality for 
turbines with wet throttle steam turbines with wet throttle steam

Primary flow Not specified Refer to para. 4-10.1
Secondary flows �5.0% � (primary flow)/(secondary flow) Same as (d) � (primary flow)/(secondary

flow)
Pressure drop through fossil unit reheater �50.0%
Extraction pressures �5.0%
Extraction flows [Note (3)] �5.0%
Temperature of feed water leaving final �10°F (6K)

heater
Exhaust pressure [Note (4)] �0.05 psi (0.34 kPa) or �2.5% of the ab- �0.02 psi (0.14 kPa) or �1.0% of the

solute pressure, whichever is larger absolute pressure, whichever is larger
Load Refer to para. 3-13.5 �0.25%
Voltage �5.0%
Power factor Not specified �1.0%
Speed �5.0% �0.25%
Aggregate isentropic enthalpy drop of �10.0%

anyone of the sections of an automatic-
extraction turbine

NOTES:
(1) In any event, the manufacturer’s allowable variations in pressure temperature and speed are not to be exceeded, unless specifically

agreed to before the test.
(2) Fluctuations would be indicated by scatter in the data (refer to para. 3-9.2).
(3) When steam is extracted for feedwater heaters, the extraction pressures (which are fixed by the turbine design and flow conditions) may

deviate from expected values by a few percent. This normally has a negligible effect upon the overall performance. It shall be ascertained
that such deviations that do exist are not due to malfunctioning of feedwater heaters. If large deviations persist, agreement must be
reached as to the course to be followed.

(4) If it is not practicable to obtain design or rated exhaust pressure, the test may be conducted by agreement at another exhaust pressure,
and either party may require that the exhaust pressure correction curve be verified by test.
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purity, with safety as the primary consideration. For in-
stances where hydrogen purity is below the manufac-
turer’s specified value, the test should be postponed un-
til the purity can be brought to the specified value.
Improvement is usually easy to achieve and should not
impose undue hardship on the parties to the test. The
hydrogen purity instrumentation should be checked to
ensure correct indication.

3-8.5

The turbine and its cycle shall be in normal operation
during the test, except for cycle isolation (see para. 
3-5). Except as provided in para. 3-8.2, no special ad-
justments shall be made to the turbine that are inap-
propriate for normal and continuous operation.

3-8.6

The turbine shaft-sealing system, if controlled, shall
be adjusted to normal operating conditions during a test
and arrangement made to measure any flow outward
or inward that will influence test results.

3-8.7

During any heat rate, steam rate, or capacity deter-
mination of a constant-speed turbine, the turbine shall
be operated at specified speed.

3-8.8 Permissible Adjustments

To attain specified operating conditions, it is permis-
sible to

(a) Lower Initial Pressure. If this is accomplished by
throttling the initial steam supply, it must be done not
fewer than 10 pipe diameters upstream from the point
at which the initial steam pressure and temperature are
measured.

(b) Adjust Exhaust Pressure. This may possibly be done
by bleeding air into the suction of the air removal equip-
ment removing some air removal equipment from serv-
ice, or reducing cooling capacity. Hotwell conductivity
should be closely monitored if these adjustments are
made.

3-8.9 Valve Positions

Nozzle, bypass, extraction, and secondary flow valves
to or from the turbine, if provided, shall be in the posi-
tion contemplated by the specified performance. If the
specification is not clear in this respect, or if any of these
valve positions cannot be attained, the parties to the test
shall agree as to the intent.

3-8.10

Measurements of feedwater heater and condenser cir-
culating water leakage are not required, but these com-

ponents should be checked for excessive leakage. This
check is particularly important on feedwater heaters
where leakage would affect the determination of pri-
mary or reheater flow.

3-8.11 Deviations

Deviations of variables in excess of the limits pre-
scribed in Table 3-1, or as otherwise agreed upon, may
occur during a test run. If such deviations are observed
during the test run, the cause shall be eliminated and
the test continued, if possible, until all variables are
within the specified limits for the planned duration of
the test run.

If the cause of the deviations cannot be eliminated
during the test run, or if deviations are discovered dur-
ing computation of results from a completed test run,
that run shall be rejected in whole, or in part, and re-
peated as necessary after the cause of the deviations has
been eliminated, except in the case of initial steam pres-
sure and initial and reheat steam temperature.

If the initial steam pressure, initial steam temperature,
or reheat steam temperature exceed the maximum per-
missible deviation indicated in Table 3-1, the correction
factors for these variables must be calculated for the spe-
cific cycle being considered and used in place of the
standard steam conditions corrections normally pro-
vided with the turbine.

Any rejected portions of the test run shall not be used
in computing the overall averages. The results of that
rest run will then be deemed acceptable provided

(a) valid periods aggregate to one hour or more,
(b) quantity of readings obtained during the valid pe-

riod satisfies the criteria of paras. 3-9.1 through 3-9.5,
and

(c) selected time periods do not include generation
changes, level changes, or any integrated data from any
part of the invalid periods

3-9 FREQUENCY OF OBSERVATIONS 
AND DURATION OF TEST RUNS

3-9.1 Frequency of Observations

For steam rate or heat rate tests, output observations
from indicating meters and differentials on flow meters
for primary flow shall be made at intervals no greater
than one minute. Other important measurements shall
be made at no greater than five-minute intervals. Inte-
grating meters and water levels shall be read at inter-
vals not exceeding 10 minutes.

3-9.2 Duration of Test Runs

This Code recommends a minimum steady-state test
run of two-hour duration for each load point. Although
high-speed data acquisition systems may permit enough
readings to be taken in fewer than two hours to satisfy
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other requirements, the two-hour minimum is recom-
mended to verify cycle isolation. In any case, the length
of the test period for which readings are averaged shall
be at least as long as the period that corresponds to NR

from Fig. 3-1. NR is the required number of readings
whose averaged scatter will affect the test results by an
uncertainty no larger than 0.05%. Table 3-2 contains the
percentage coefficients to be used to calculate Z�, the ab-
scissa on Fig. 3-1.

3-9.3 Number of Readings Available

During a test run, after several readings have been
recorded and their scatter established, Fig. 3-1 may be
used to determine how many readings are needed to
comply with the 0.05% effect of the scatter on the results
or to determine if improvements are needed in the in-
strumentation or control of test conditions.

3-9.4 Illustrations and Derivation

Section 7 in this Code presents illustrations for the use
of Fig. 3-1 as well as its derivation. A method is also pre-
sented and illustrated for estimating the uncertainty of
a test based on all the readings of a specific type that
are used to calculate the test results. A comprehensive
treatment of calculation of uncertainty is presented in
PTC 19.1.

3-9.5

Only such observations and measurements need be
made as apply and are necessary to attain the objective
of the test. In the case of the alternative test, additional
measurements beyond those required may be desirable
to aid in the analysis of test results.

3-10 CALIBRATION OF INSTRUMENTS

All measuring instruments shall be accurate and reli-
able and calibrated as required in compliance with cri-
teria given in Section 4. Calibration standards shall be
traceable to those maintained by the National Institute
of Standards and Technology.

The ratio of the accuracy of the measuring standard
compared to the instrument being calibrated is referred
to as accuracy ratio. Wherever achievable, an accuracy
ratio of 10:1 is desirable for calibration work. Extremely
accurate instruments approaching the accuracy of the
measuring standard may have a ratio of 4:1.

Consideration shall be given to the environment in
which the calibration takes place. Even under labora-
tory conditions, the quantity being measured and 
instruments obtaining the measured value can be 
influenced by vibration, magnetic fields, ambient tem-
perature, changes in local acceleration due to gravity,

Table 3-2 Definitions and Notes to Fig. 3-1

�1, �2 Influence Factors for Calculations Z�, the Abscissa of Fig. 3.1

�1 is expressed as percent effect per percent of instrument reading.
�2 is expressed as percent effect per unit of instrument reading.
�1�, �2� is the slopes of the correction-factor curves.
�1	 or �2	 are used to take into account the effect of the instrument-reading range for fluctuation in measurements used to establish any en-

thalpy appearing in the heat rate equation. For �1	 or �2	 values, use the applicable Figs. 7-2, 7-3, 7-4, or 7-5 after converting the ordinate to 
percentage effect per percent of absolute pressure or absolute temperature for �1	 or percent effect per unit of reading for �2	.

Type of Data �1 �2

Power 1.0 . . . 
Flow by Volumetric Weigh Tanks 1.0 . . . 
Flow by Flow-Nozzle Differentials 0.5 . . . 
Steam Pressure and Temperature �1� � �1	 �2� � �2	

Feedwater Temperature . . . �2	

Exhaust Pressure �1� �2�

For Combining Types of Data

Type of Data Combined

Average of n columns of similar readings, such as 4 exhaust-pressure taps Z�n � � 

n

1

 ��Z�2

i�

Total effect of m types of readings with the same time interval between readings, Z�m � ��Z�2
n�

such as load and flow or pressure and temperature

GENERAL NOTES:
(a) Z� is the percentage effect the instrument readings range (maximum reading � minimum reading) has on the test results.
(b) Subscript i refers to columns of individual measurements.

��� 

Z�
n

2
i


�
�n�
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fluctuation, instability of the voltage source, and other
variables.

A calibration should cover the range for which the in-
strument is used. The increment between calibration
points and method of interpolation between these points
shall be selected so as to attain the lowest possible cal-
ibration uncertainty.

For each calibration point, a deviation may be found
between the value measured by the instrument to be cal-
ibrated and the calibration standard. A plot or table of

deviation versus instrument measurement is then used
to determine the amount of correction to be applied to a
test measurement. Calibration results also may take the
form of instrument output at a known value of input as
determined by the calibration standard. From this, a con-
version equation can be developed for the instrument.

The calibration report should include the identification
of the calibration equipment and instruments, a descrip-
tion of the calibration process, a statement of uncertainty
of the measuring standard, and a tabulation of the
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on the Test Results Due to Scatter

GENERAL NOTES:
Z� � percentage effect of instrument reading range on the test results
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l � instrument readings in engineering units

�1 � factor from Table 3-2, effect per percent of reading
�2 � factor from Table 3-2, effect per unit of reading

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 6 
20

04

https://asmenormdoc.com/api2/?name=ASME PTC 6 2004.pdf


STEAM TURBINES ASME PTC 6-2004

17

recorded calibration data. The report should be signed by
a responsible representative of the calibration laboratory.
Where appropriate, calibration shall be performed with
test instruments installed in place for the test, and all cal-
ibrations shall be available prior to the test.

In-place calibration of station instrumentation is nec-
essary when secondary flow measurements are made by
a permanently installed flow element for which cali-
bration is required or where station instruments and a
computer are used for test data acquisition.

Installation of all test instrumentation shall comply
with all applicable criteria of Section 4. Instruments sub-
ject to failure or breakage in service should be dupli-
cated by reserve instruments, properly calibrated, and
ready to be placed in service without delay.

3-11 STEAM PRESSURE AND TEMPERATURE
MEASUREMENTS

3-11.1

Extraction pressure and temperature measurements,
when required, should be made both at the turbine and
feedwater heater ends of the extraction piping for feed-
water heaters located outside the condenser neck.
Source connections in the intermediate pressure to low-
pressure crossover pipe or in the low-pressure turbine
bowl may be used as a common point for intermediate
pressure section and low-pressure section efficiency de-
terminations. Paragraphs 4-17.21 and 4-18.3 should be
consulted for guidance in selecting locations for pres-
sure taps and thermowells.

3-11.2

Steam enthalpy shall be determined from tempera-
ture and pressure measurements only when the steam
is superheated at least 27°F (15K).

3-11.3 Thermodynamic Properties

Except with written agreements to the contrary, the
latest edition of the ASME Steam Tables, “Thermody-
namic and Transport Properties of Steam” and its en-
thalpy entropy diagram (Mollier chart), shall be used in
the calculation of test results. When computers are used,
they may link to compiled versions of the source code
as supplied with the steam tables. Otherwise, they shall
be programmed in accordance with The International
Association for the Properties of Water and Steam
(IAPWS) Industrial Formulation 1997 (IAPWS-IF97) for
Industrial use. These formulations are based on the In-
ternational Temperature Scale of 1990 (ITS-90).

3-12 CORRECTIONS

3-12.1

Corrections shall be applied to the test results for any
deviations of the test conditions from those specified.

Correction factors may be in the form of curves or nu-
merical values. The method of applying corrections shall
be carried out as required in Section 5. Thermal losses
associated with unlagged heaters and connecting pip-
ing located in the condenser neck shall be considered
cycle losses, not turbine losses.

3-12.2

The numerical values of corrections shall be agreed
upon prior to the test. Auxiliary tests may be run for the
purpose of verifying the value of certain correction fac-
tors. Any such special tests shall be completely de-
scribed in the test report, as to the methods employed
and the results obtained (see paras. 3-4.5 and 3-8.11 and
Section 5).

3-13 METHODS OF COMPARING TEST RESULTS

3-13.1

The method of comparing test results to the specified
performance shall be agreed upon by both parties prior
to the test. The following are different methods that can
be utilized to make these comparisons.

3-13.2 Valve Point Basis

If the specified performance is based on valve
points, then a locus curve can be drawn through the
specified performance points for comparison with an-
other locus curve drawn through the corrected test
heat rates conducted at valve points. Test results may
be compared with the specified performance by read-
ing the difference between the two locus curves at the
specified kilowatt load(s). Alternatively, the compari-
son may be made at the test valve-point loads. In any
case, the provisions and intent of the contract must 
be met.

There may be instances when regulatory restrictions
limit operation of a unit to loads below the valves-wide-
open point. In such cases, it is necessary to apply a cor-
rection for operating on a valve loop, so that the test
heat rate at the highest permissible test load may be in-
cluded on the curve of corrected test heat rates.

It is recommended that the highest test load be as
close to the valves-wide-open load as possible to keep
the valve loop correction to a minimum. Testing at re-
duced steam generator pressure is recommended,
where practical, to minimize the loop correction.

The following approach is recommended:
(a) Establish by test the pressure drop across the last

control valve(s) to open in valves-wide-open operation.
Steam generator pressure may be reduced to open the
last valve(s). If this is not possible, use the design pres-
sure drop for the last control valve(s), when fully open.

(b) Measure the pressure drop across the last control
valve(s) to open during the highest load test.
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(c) Apply the following equation to obtain the per-
centage heat rate correction:

Percent �HR � � � 100k

where subscript mo indicates highest load test and

� the ratio of flow through the final
valve(s) to total flow during the
highest load test (decimal fraction
of total flow being subjected to 
extra throttling)

� the ratio of (1) the difference be-
tween pressure drop across the fi-
nal valve(s) during the highest
load test and pressure drop across
the same valve(s) at valves-wide-
open conditions to (2) throttle
pressure (extra pressure drop due
to final valve(s) not being wide
open)

k � the percentage effect on heat rate
for a 1% change in pressure drop

Pt � absolute throttle pressure
k � 0.15 for turbines with nuclear

steam supply operating predomi-
nantly in the moisture region

k � 0.10 for turbines operating pre-
dominantly in the superheat region

k values for other types of turbines should be obtained
from the manufacturer.

�pmo � �pvwo




Pt

wn


wmo

�pmo � �pvwo




pt

wn


wmo

3-13.3 Mean-of-the-Valve-Loop Basis

If the specified performance is based on mean of the
valve loops, it may be convenient to convert to the valve-
point basis, and the correction curves for this conver-
sion shall be furnished by the manufacturer. However,
if there is any doubt as to their accuracy, enthalpy drop
or other efficiency tests can be run to establish the dif-
ference between the valve-point and mean-of-the-valve-
loop curves.

3-13.4 Throttled Valve(s) Basis

For machines with a single valve or multiple valves
operating in unison, each test heat rate should be com-
pared to design heat rate at the same percent of valves-
wide-open load. This can best be done by including a
test at the valves-wide-open load. Therefore, this is the
preferred condition. However, some units cannot be
tested with valves wide open. In these cases, it is nec-
essary to predict the test valves-wide-open load using
the available test information given below. It is recom-
mended that the highest test load be at least 95% of the
load corresponding to rated flow at specified steam con-
ditions and cycle arrangement in order to minimize un-
certainty in the extrapolation method. The following ap-
proach is recommended:

(a) Establish the relationship between the test throt-
tle flow vs. first stage inlet (bowl) pressure over as much
of the load range as possible (see Fig. 3-2). Correct the
throttle flow from the test throttle steam conditions to
the specified throttle steam conditions at valves wide
open as shown in para. 5-4.2. The first stage inlet (bowl)

ASME PTC 6-2004 STEAM TURBINES
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Throttle Flow Corrected to Specified Conditions

First
-sta

ge inlet (b
owl) p

ressu
re

Predicted
VWO

throttle
flow

Specified throttle pressure

x � Test values, corrected to
specified throttle pressure

Design pressure
drop at VWO

Pr
es

su
re

Fig. 3-2 Corrected First Stage Inlet (Bowl) Pressure vs. Corrected Throttle Flow 
for Use in Determining Predicted VWO Throttle Flow
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pressure must be corrected to specified throttle pressure
at valves wide open as follows:

pc � po �

where
pc � corrected first stage inlet (bowl) absolute pres-

sure
po � test first stage inlet (bowl) absolute press
ps � specified throttle absolute pressure
pt � test throttle absolute pressure

(b) In tests of light water reactor (LWR) cycles with
reheat, the use of the alternative procedure may not
provide sufficient data to establish the turbine throttle
flow, particularly if the main steam flow to the reheater
is not measured. In such tests, one of the following pro-
cedures may be used by agreement of the parties to the
test:

(1) Determine the main steam flow to the reheater
with available plant instrumentation or

ps


pt

Corrected Test Load

Predicted
VWO
load

Predicted VWO throttle flow

x � Test values, corrected to
specified throttle pressure

Th
ro

ttl
e 

Fl
ow

Fig. 3-3 Corrected Throttle Flow vs. Corrected
Test Load for Use in Determining 

Predicted VWO Load

(2) Conduct calibration tests, without the reheater in
service, of the first stage pressure versus throttle flow, and
correct the flow using manufacturer’s data to obtain the
throttle flow during tests with the reheater in the cycle.

If either of these procedures cannot be implemented,
then

(3) Use the design values for the reheater flow and
subtract this value from the total flow to obtain the throt-
tle flow for each test point.

(c) Using the above relationship, extrapolate to a
throttle flow that would exist at the valves-wide-open
point, using the design pressure drop from the throttle
inlet to first stage inlet (bowl) at valves wide open.

(d) Determine the valves-wide-open load by estab-
lishing a curve of corrected throttle flow vs. corrected
test load (see Fig. 3-3). Extrapolate to valves-wide-open
flow (from item 2) using the slope of the corresponding
curves derived from design heat balances as a reference.

(e) The percent of valves-wide-open load for any test
point can be determined using the extrapolated valves-
wide-open load.

3-13.5 Specified Load Basis

During steam rate or heat rate tests at specified loads,
it shall be permissible to adjust the load of the test so
that when all corrections have been applied, the cor-
rected load will be within five percent of the load spec-
ified for the test. The test results may be reported at a
load within this percentage.

The load correction may be applied only when 
guarantees are made at specified loads and the valve
point or mean-of-the-valve-loop comparisons cannot be 
utilized.

3-14 TOLERANCES

3-14.1

Tolerances and allowances are contractual adjust-
ments to test results or guarantees and are beyond the
scope of this Code. The test results shall be reported as
calculated from test observations with only such cor-
rections as are provided for in this Code.
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Section 4
Instruments and Methods of Measurement

extensively in the construction of various nuclear steam
supply system components that come in contact with
feedwater returned from the turbine cycle.

Mercury constitutes a hazard to light-water cooled
and moderated nuclear steam supply systems if intro-
duced into the feedwater stream. If the use of mercury
cannot be avoided in pressure-measuring instruments,
the following precautions are recommended:

(a) Keep valves to test instruments closed except dur-
ing test runs.

(b) Install quick-closing solenoid valves in test in-
strument-sensing lines to close automatically on systems
upsets.

(c) Employ double mercury traps.
(d) Locate primary flow element in the low-pressure

part of the feedwater cycle where it is more remote from
the nuclear steam supply system (see para. 4-9.1).

Mercury metal and compounds of mercury may
cause dangerous environmental problems. The rela-
tively high vapor pressure of mercury presents a seri-
ous health hazard if spillage occurs. Extreme care is 
necessary, and strict adherence must be given to all ap-
plicable regulations concerning mercury. If the risk of
using mercury-filled manometers is judged unaccept-
able by one or both parties to the test, regardless of the
degree of precaution exercised, the parties may employ
advanced instrument systems (such as those employ-
ing certain high sensitivity differential-pressure trans-
ducers) in accordance with paras. 4-1.1 and 4-8.1 of this
Code.

4-1.5 Necessary Instruments

The instruments generally required for a Code test of
a steam turbine are listed below and for check purposes
only.

(a) for a mechanical-drive turbine, a dynamometer of
a type suitable to the turbine and circumstances of the
test (see para. 4-2).

(b) for a turbine-generator, instruments for the mea-
surements of the electrical output and power for exci-
tation, if separately supplied, and for other turbine-
generator auxiliary services, (see Subsections 4-4 through
4-7).

(c) for determining condenser leakage, instruments
required for using tracer techniques, electrolytic or other
measuring means refer to PTC 12.2, Steam Surface Con-
densers.

ASME PTC 6-2004 STEAM TURBINES

20

4-1 GENERAL

4-1.1

In the absence of special agreements to the contrary,
this Code presents the mandatory requirements for in-
struments, methods, and precautions which shall be em-
ployed. It emphasizes the use of advanced instrument
systems, such as those using electronic devices or mass
flow techniques, that are suitable for use with digital
systems. The Supplements on Instruments and Appa-
ratus, PTC 19 series, provide general and authoritative
information concerning instruments and their use and
should be consulted if sufficient information is not in-
cluded in this Code.

4-1.2 Duplicate Instrumentation

This Code specifies duplicate instrumentation for
measuring certain types of data that are critical to the
test results; such data may include the flow nozzle pres-
sure differentials and steam temperatures. Other data,
such as exhaust pressures, vary over the region in-
volved; the several measurements required confirm
each other by their pattern from test point to test point.
Beyond these, duplication of many types of instrumen-
tation should be seriously considered to ensure suc-
cessful use of the instruments or detect trouble and gain
the significant reduction of the uncertainty of the aver-
age of the duplicating instruments relative to that of a
single instrument [refer to Figs. 4-11(a) through 4-11(e)].

4-1.3 Equivalent Instrumentation

By mutual agreement of the parties to the test, man-
ual instrument systems as described herein may be used
as an alternative to the advanced instrument systems
specified by this Code.

4-1.4 Use of Mercury in Instrumentation

Certain manual instrumentation systems require the
use of indicating fluids to indicate pressure or differen-
tial pressure. Historically, mercury is one of the fluids
commonly used for this purpose. Mercury will alloy
with many other metals, such as copper, lead, tin,
bronze, and Monel, and their alloys. There is evidence
that Inconel alloys, zircaloy, and certain stainless steels
are also sensitive to mercury. These materials are used
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(d) for the location and type of test instrumentation
required for full-scale testing of a typical unit, see Fig.
4-11(a) to Fig. 4-11(c) and Subsection 4-8 through para.
4-19.1.8

(e) for the location and type of test instrumentation
required for the alternative test with final feedwater
flow measurement, see Fig. 4-11(d) to Fig. 4-11(e) and
Subsection 4-8 through para. 4-19.1.8

(f ) for measurement of speed, see Subsection 4-20

4-1.6 Measuring Device With Digital Outputs

To minimize uncertainty, it is recommended that
measurement signals could be converted from analog to
digital only once. Therefore, if a measuring device has
a digital output, this digital signal should be transmit-
ted to a data logger rather than use an analog converter.

4-2 MEASUREMENT OF MECHANICAL OUTPUT

4-2.1 Recommended Measurement Methods

Absorption dynamometers (reaction torque measure-
ment systems) or transmission dynamometers (shaft
torque meters) shall be used to measure mechanical out-
put of prime movers, which can be an auxiliary turbine,
turbine generator shaft, or electric motor. These mea-
surement systems are described in detail in PTC 19.7 on
“Measurement of Shaft Horsepower.”

The direct method for measuring power, utilizing a
dynamometer or torque meter, involves determination
of the variables in the following equation:

For power expressed in (SI Units)

P � NT

where
P � power, watts (W)
N � rotational speed, rad/sec
T � torque, newton–meters

For power expressed in (U.S. Customary Units)

P �

where
P � power, horsepower (hp)
N � rotational speed (rpm)
T � torque, foot-pounds (ft-lbf)

Rotational speed measurement is discussed in Sub-
section 4-20.

For shaft power measurement when the prime mover
is driving a connected load, such as required for a feed-
water pump drive turbine in an acceptance test, the
transmission dynamometer (shaft torque meter) is rec-
ommended. Absorption dynamometers (reaction torque
measurement systems) absorb the primer mover power
output and cannot be used while simultaneously driv-
ing a connected load.

2�NT


33000

Either surface strain shaft torque meters or angular dis-
placement shaft torque meters, which are compatible for
use in either computerized data recording systems or
with electronic digital indicators, should be used.

For shaft power measurement of a mechanical drive
turbine that can be tested without its connected load, an
absorption dynamometer (reaction torque measurement
system) can be used. Such a test might occur when a
mechanical drive turbine is tested independently of a
turbine-generator acceptance test.

Precautions must be taken in the construction and use
of torque meters to ensure accuracy. The torque meter
shall be accurate within 1% of torque. Torque meter
readings shall be taken with the frequency indicated in
para. 3-9 and not exceed the permissible deviations
shown in Table 3-1. Because power is proportional to
speed, speed shall be accurately determined in accor-
dance with para. 4-20.

4-2.2 Transmission Dynamometers (Shaft Torque Meter)

Transmission dynamometers shall be calibrated be-
fore and after the test series with the torsional member
at approximately the same temperature as expected dur-
ing the test. The calibration shall be conducted with the
torsion-indicating device in place, taking care not to in-
troduce any bending moments in the torque meter shaft.
One such method of calibration is shown in PTC 19.7.
Recordings of the indicator shall be made with a series
of increasing and then decreasing loads, with the pre-
caution that during the recording of each series of read-
ings, the loads shall not be reversed. The calculation of
output shall be based on the average of the increasing
and decreasing readings. If the difference in readings
between increasing and decreasing loads exceeds 0.2%
of the load, the dynamometer shall be deemed unsatis-
factory.

The shaft torque meter may be either a special cou-
pling spacer, installed only during the test, that connects
the prime mover shaft to connected load or a perma-
nently installed part of either the prime mover shaft or
connected load shaft.

To minimize potential error, the shaft torque meter 
capacity range should be approximately equal to but
slightly greater than the torque range of the prime mover.

Temperature compensation in the electronic circuit is
recommended to minimize errors that could occur if the
test is conducted at temperatures different from the tem-
perature that existed when the torque meter was cali-
brated.

4-2.3 Absorption Dynamometers 

(Reaction Torque System)

Absorption dynamometers are preferably arranged so
that the reaction due to friction of any bearings that are
essentially a part of the dynamometer will be automat-
ically included in the dynamometer readings. Other-
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wise, the parties to the test shall agree upon an al-
lowance for these losses, which shall be stated in the test
report.

4-2.4 Precautionary Measures for 

Absorption Dynamometers

In the case of absorption dynamometers, care must be
taken so that no external forces are applied which may
introduce errors. The operating fluid of water brakes and
cooling air of electric absorption dynamometers shall en-
ter and leave in the radial or axial direction. There shall
be no sensible fluid velocities external to the essential
brake parts that have any tangential components. Hose
connections, if employed, shall cause no sensible force in
the tangential direction. If automatic valves are employed
to regulate operating fluid flow by means of movement
of the stationary dynamometer element, these valves
shall have their resistance to motion equal in both direc-
tions. Dashpots employed to dampen oscillation shall
also have their resistance to motion equal in both direc-
tions. Other precautions for specific types of absorption
dynamometers are detailed in PTC 19.7.

4-2.5

Absorption dynamometers shall be carefully exam-
ined before and after the test and zero scale readings
taken. The output shall be determined as shown in 
PTC 19.7.

4-3 MEASUREMENT OF FEEDWATER 
PUMP POWER

4-3.1 General

Any thermal energy that is either added to or re-
moved from the turbine cycle by the feedwater pump
or its associated auxiliary systems shall be measured
and properly accounted for in the turbine heat rate cal-
culations (see paras. 5-7.1 and 5-7.2). The following
types of feedwater pump drives can be used: auxiliary
turbine drives, motor, and turbine-generator shaft
drives.

Regardless of the type of feedwater pump drive that
is used, the feedwater pump power can be determined
by either of the following methods:

(a) pump shaft power calculated from measured shaft
torque and speed (see para. 4-2 for torque measurement
and para. 4-20 for speed measurement).

(b) pump power calculated by an energy balance
around the pump using measured fluid flow rates, tem-
perature, and pressure of all fluids that enter and leave
the feedwater pumps (see para. 4-3.5). The energy bal-
ance method is described in this Section.

4-3.1.1 For auxiliary turbine driven feedwater
pumps, it is also necessary to determine the thermal en-

ergy that is extracted from the turbine cycle. This can be
accomplished by one of the following methods:

(a) measurement of flow rate, pressure, and necessary
measurements to obtain enthalpy of steam that enters and
leaves the auxiliary turbine (see paras. 4-12 and 4-16.3)

(b) shaft power calculated from measured torque and
speed and then divided by the efficiency of the auxil-
iary turbine to obtain the energy removed from the tur-
bine cycle

Method (b) requires the use of the manufacturer’s pre-
dicted turbine efficiency and must be agreed to by all par-
ties to the test, especially if the auxiliary turbine is being
accepted tested concurrently with the turbine-generator.

4-3.2 Typical Instrumentation for Pump Power by 

Energy Balance Method

Figure 4-1 shows the typical instrumentation for meas-
urement of feedwater pump power and is representative
of feedwater pumps that have a speed changer and hy-
draulic coupling. The prime mover could be an auxiliary
turbine, motor drive, or turbine generator shaft drive. The
hydraulic coupling and speed changer are not commonly
used with all three types of feedwater pump drives. How-
ever, in some situations, they may be used. Therefore, the
following text describes thermodynamic property meas-
urements and calculations for the most general situation.

4-3.3 Turbine-Generator Shaft-Driven Pumps

When feedwater pumps are driven from the turbine
generator shaft, the measurements described below must
be made as accurately as possible to determine the power
supplied by the turbine(s) for driving pump(s) and any as-
sociated hydraulic coupling(s) and/or speed increaser(s).

4-3.4 Required Measurements

The power transmitting oil for the hydraulic coupling
and lubricating oil for the pump, speed changer, and
hydraulic coupling is cooled in heat exchangers using
water as a cooling medium (see Fig. 4-1). Changes in in-
strumentation requirements resulting from any varia-
tion in this arrangement shall be agreed upon prior to
the test. The illustration on Fig. 4-1 is for one pump, but
the same measurements will be necessary for each pump
in service. In some cases, it may not be practical to mea-
sure the individual water flow through each pump or
the injection water flows to and from each pump. In
such cases, the power for each individual pump cannot
be accurately determined. However, the total power
consumed by the feedwater pumps in service is all that
is needed for an overall test.

The temperature, pressure, and flow measurements
should be of such accuracy that the effect on the over-
all test results shall be less than 0.1%. The measurements
requiring the most care are the temperatures of the feed-
water entering and leaving the pump (t9 and t10) if feed-
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water pump power is determined as described in para.
4-3.5. These temperatures may be measured by two or
more random resistance thermometers and random
bridges or a difference resistance bridge (see para. 4-18).
The individual measurements for each location shall
agree within 0.2°F (0.1K). Alternatively, the temperature
differences between pump discharge and suction may
be measured by multiple junction differential thermo-
couple devices and random millivolt instruments.

4-3.5 Calculations

The calculations shown below closely follow PTC 8.2
on “Centrifugal Pumps.”

The power taken from the prime mover shaft is the
sum of the power equivalent of the enthalpy rise of the
water flow through the pump; the power used in bear-
ing losses, gear losses, and hydraulic coupling losses;
and the power equivalent of the radiation losses.

The basic equations for pump shaft power are: The
power equivalent of the enthalpy rise of the water
(Penthalpy rise) is:

Penthalpy rise �

where K is a constant depending on the units of P, w,
and h (see Section 2 and Fig. 4-1 for nomenclature).

If P is in kW, w in kg/s, and h in kJ/kg, then K � 1
If P is in Kw, w in kg/hr, and h in KJ/kg, then K �

3600

w9(h10 � h9) � wao(h10 � hao) �

wgi(h10 � hgi) � wgo(h10 � hgo)

K

If P is in kw, w in lbm/hr, and h in Btu/lbm, then K �
3412.14

The power equivalent of the bearing, gear, and hy-
draulic coupling heat losses (Pheat losses) as determined
from the heat absorbed by the oil cooling water is:

Pheat losses �

Determination of water flow at the pump discharge
will vary, depending on whether the main flow mea-
surement nozzle is located in the pump suction or pump
discharge piping. If the nozzle is located in the suction
piping, the pump discharge flow rate (w10) is:

Pump discharge flow rate � w10 � w9 � wgi � wgo � wao

The power equivalent of the radiation losses 
(Pradiation losses) can be calculated or estimated, but the
amount of this loss may be negligible (refer to PTC 10
on “Compressors and Exhausters” for the method of cal-
culating this loss).

The pump shaft power (0) is:

P � Penthalpy rise � Pheat losses � Pradiation losses

4-3.6 Alternative Calculations

Another method of determining pump shaft power
involves pump efficiency curves. Water horsepower
(Whp) is determined from these measurements and then
divided by expected pump efficiency to obtain pump
shaft power.

woi(hoo � hoi)




K
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Fig. 4-1 Typical Instrumentation for Measurement of Feedwater Pump Power
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The basic equations for pump shaft power are:

kW �

kW �

where
� � pump efficiency from curve
Q � volumetric flow rate at pump discharge, ft3/sec

(m3/s)
� � specific weight, lbf/ft3 (N/m3)
H � pump total discharge head minus total suction

head, ft (m)

Measurements and calculations of water horsepower
are detailed in PTC 8.2.

Other losses, such as hydraulic coupling losses, speed
changer losses, seal flows, radiation, and spray water
takeoffs, must also be accounted for as described in para.
4-3.5 (refer to Fig. 4-1 for these items).

An ordinary pump characteristic curve supplied with
the pump has two major limitations. First, the efficiency
versus capacity curve is valid at only one point because
it is plotted at constant speed and many feedwater
pumps run at variable speed. One should obtain the
variable speed efficiency versus capacity curve prior to
using this method.

Second, if the pump is operating at off-design speed
during the test, the pump efficiency is usually different
from predicted efficiency by a small amount. Hence, 
test speed should be within 2% of design speed in or-
der that pump power can be determined as accurately
as possible.

4-4 MEASUREMENT OF ELECTRICAL POWER

4-4.1 General Requirements for A-C Generators

It is recommended that the power output of an A-C
generator be measured by sufficient instrumentation to
ensure that accurate metering (i.e., no uncertainty is in-
troduced due to the metering method) will be provided
under all conditions of load power factor and unbalance.

Generator loss curves provided by the manufacturer
may require either the kilovolt-ampere (kVA) output
or kilowatt output and power factor of the generator
to determine the generator loss at specified hydrogen
pressure.

4-4.2 Recommended Metering Connection Methods

The recommended metering methods that achieve ac-
curate metering for three-phase systems are as follows:

(a) four-wire generator connections — three single-
phase meters

(b) three-wire generator connections — two single-
phase meters

Refer to para. 4-5.1, below, for further discussion.

(Q�H)0.746




550 �

(Whp)0.746




�

The necessity for the recommended metering meth-
ods is discussed in the following paragraphs.

4-4.3

Blondel’s Theorem for the measurement of electrical
power or energy states that in an electrical system of N
conductors, N-1 metering elements are required to
measure the true power or energy of the system. It is
evident, then, that the electrical connections of the gen-
erator to the system govern the selection of the meter-
ing system.

Connections for three-phase generating systems can
be divided into the following two general categories:

(a) three-wire connections with no neutral return to
the generating source

(b) four-wire connections with the fourth wire acting
as a neutral current return path to the generator

4-4.4

The following describes different types of three and
four-wire generator connections that are used.

4-4.4.1 Three-Wire System. A common three-wire
system is a wye connected generator with a high im-
pedance neutral grounding device. The generator is con-
nected directly to a transformer with a delta primary
winding, and load distribution is made on the second-
ary, grounded-wye side of the transformer [see Fig. 
4-2(a)]. Load unbalances on the load distribution side of
the generator transformer are seen as neutral current in
the grounded wye connection. However, on the gener-
ator-side of the transformer, the neutral current is ef-
fectively filtered out due to the delta winding, and a
neutral conductor is not required.

Another type of three-wire system utilizes a wye con-
nected generator with a low impedance neutral ground-
ing resistor. The generator is connected to a three-wire
load distribution bus, and the loads are connected ei-
ther phase to phase, single phase, or three phase delta.
The grounding resistor is sized to carry 400–2000 am-
peres fault current.

An ungrounded wye generator is less common than
the high impedance grounded-wye generator, but when
used with a delta-wye grounded transformer, it is also
an example of a three-wire generator connection [see
Fig. 4-2(a)].

A final example of a three-wire generator connection
is the delta-connected generator. The delta-connected
generator has no neutral connection to facilitate a neu-
tral conductor; hence, it can be connected only in a three-
wire connection [see Fig. 4-2(b)].

4-4.4.2 Four-Wire System. Four-wire generator
connections can be made only with a wye-connected
generator with the generator neutral either solidly
grounded or, more typically, grounded through an im-
pedance. Load distribution is made at generator voltage
rather than being separated from the generator by a
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Wye-connected
generator

CT

CT

Two wattmeters or one
two-element, watt-hour
meter connects here.

PT PT

Phase 3

Phase 2

Phase 1

High impedence
ground

Fig. 4-2(a) Wye Generator–3-Phase, 3-Wire

Delta-connected
generator

CT

CT

Two wattmeters or one
two-element, watt-hour
meter connects here.

PT PT

Phase 3

Phase 2

Phase 1

Wye-connected
generator

Solid or low
impedence
ground

CT

CT

CT

Three wattmeters or one
three-element, watt-hour
meter connects here.

Phase 3

Phase 2

Phase 1

Neutral

PTPTPT

Neutral

Fig. 4-2(b) Delta Generator–3-Phase, 3-Wire

Fig. 4-2(c) Wye Generator–3-Phase, 4-Wire
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VM  – Voltmeter
AM  – Ammeter
WM – Wattmeter
CT   – Current transformer
PT   – Potential transformer

– Polarity mark
– Fuse

VM

WM

Phase 3

AM

Ph. 1

Instrument PTs

Transformer secondaries may be
grounded at secondary terminals
or ground connection on table.

Instrument CTs

1
2

3

Ph. 1

Generator

Ph. 2

Ph. 3

CT
shorting
switch

Ph. 2

Ph. 3

VM

WM

Phase 2

AM

VM

WM

Phase 1

AM

Fig. 4-2(d) Typical Connections for Measuring Electric Power Output by the Three-Wattmeter Method

delta-wye transformer. This type of connection has a
separate fourth conductor, which directly connects the
generator neutral (or neutral grounding device) with the
neutral of the connected loads [see Fig. 4-2(c)].

For the generating system connections described in
the preceding paragraphs, accurate metering will be
provided under all conditions of load power factor and
load unbalance by application of the recommended me-
tering methods, which were described in para. 4-4.2.

A typical instrument connection diagram is shown on
Fig. 4-2(d).

4-4.5 Alternative Metering Connection Methods

Alternative metering methods that may be used by
mutual agreement between all test parties are described
in PTC 6 Report. However, the uncertainty of the power
measurement with the alternative metering methods
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will be greater than that of the recommended metering
methods.

4-4.6 Meter Connections

Connections for voltage and current measuring in-
struments shall be made on the generator side of the step-
up transformer(s) as close to the generator terminals as
possible. Current connections shall be made on the gen-
erator side of any external connections of the power cir-
cuit by which power can enter or leave this circuit.

4-4.7 Excitation Power Measurement

If the excitation or auxiliary systems receive power
from the generator, then either it must be separately me-
tered or the generator power metered beyond the exci-
tation connections but ahead of any auxiliary power
connections.

Electrical power separately supplied to produce either
excitation or any other service to the turbine generator
unit, not specifically covered by agreement of the par-
ties to the test, shall be measured at the point of supply
to the auxiliary apparatus producing the excitation or
other service.

4-4.8 D-C Generator Power Measurement

Power output of D-C generators shall be measured by
the D-C voltmeter-ammeter method. Connections for
voltage and current measuring devices shall be made 
on the generator side of any connections to the power
circuit by which power can enter or leave this circuit
and as close to the generator terminals as physically 
possible.

4-4.9 Guidance for Power Measurement

ANSI/IEEE Std 120, Master Test Guide for Electrical
Measurements in Power Circuits, contains detailed in-
formation on the construction and use of electrical mea-
surement equipment and instructions for measurement
of electrical quantities.

4-5 A-C GENERATOR TEST INSTRUMENTS

4-5.1 Test Instruments

Active power or energy (kilowatts/kilowatt hours)
shall be measured by random watt/watthour meters
(uncertainty of � 0.10% of reading for power factors 

0.8). The reactive power (kilovars) shall be measured 
either by a var transducer (uncertainty of � 0.20% of
range) or calculated from measurements of voltage and
current. The active power, and either voltage and cur-
rent, or the reactive power of each required phase, as
described in paras. 4-4.2 through 4-4.4, shall be mea-
sured.

As an alternative to active and reactive power mea-
surements of each phase, polyphase random watt/
watthour transducers and polyphase random var/
varhour transducers may be used. For four-wire gener-
ator connections, three-element polyphase transducers
are required. For three-wire generator connections, two-
element polyphase transducers may be used. The me-
tering uncertainty with the polyphase transducers must
be equivalent to the combined metering uncertainty of
the single-phase meters and calibrated per para. 4-7.2.

As noted in para. 4-1.6, any power measuring device
with digital outputs should not use analog converters
for signal transmission to data loggers.

The power output measurement instruments shall be
calibrated before and after the tests. The laboratory(ies)
and standard(s) used for the calibrations shall be mu-
tually agreed upon by the parties to the test. It is re-
quired that the instruments have their best operating
characteristics over the range of values that will occur
during the tests.

Extreme care must be exercised in the transportation
of calibrated portable instruments. The instruments
should be located in an area as free of stray electrostatic
and magnetic fields as possible. Where watthour meters
are used, a suitable timing device shall be provided to
accurately determine the times for the number of disc
revolutions or pulse counts recorded during the prede-
termined test time period, to one part in four thousand.

4-5.2 Instrument Transformers

Correctly rated current and potential transformers of
the 0.3% accuracy class (metering type) shall be used for
the tests. Transformers shall be calibrated for ratio and
phase angle prior to the test over the ranges of voltage,
current, and burden expected to be experienced during
the test. Burdens shall be determined from instrument
nameplate data and by measurement of lead resistance,
or by measurement of the volt-amperes or secondary
impedance, and must be constant during the test. Pro-
tective relay devices or voltage regulators shall not be
connected to the instrument transformers used for the
test. Normal station instrumentation may be connected
to the test transformers if the resulting total burden is
known and is within the range of calibration data.

4-5.2.1 Precautions for Current Transformers. Cur-
rent transformer cores may be permanently magnetized
by inadvertent operation with the secondary circuit
opened, resulting in a change in the ratio and phase-
angle characteristics. If magnetization is suspected, it
should be removed by procedures described in ANSI/
IEEE Std 120, under “Precaution in the Use of Instru-
ment Transformers.”

4-5.2.2 Precautions for Potential Transformers.

Potential transformers may have either one or two sec-
ondary windings; however, one secondary winding is
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the most common arrangement. If potential transform-
ers with two secondary windings are used, the total
burden on the two secondary windings must be less
than or equal to the total allowable burden of the two
windings, and the burden on each winding must be less
than or equal to the allowable burden of each winding.
Failure to observe the above precautions will introduce
increased uncertainty in the measurement of electrical
potential.

4-5.3 Instrument Connections

Test instruments shall be connected into the lines from
the generator as near to the generator terminals as prac-
tical and on the generator side of any external connec-
tions by which power can enter or leave the generator
circuit. Instruments should be connected as shown on
connection diagrams given in ANSI/IEEE Std 120.
Guidance on the use of computer-compatible instru-
ments is provided in PTC 19.22, Digital Systems.

The leads to the instruments shall be arranged so that
inductance or any other similar cause will not influence
the readings. Inductance may be minimized by utiliz-
ing twisted and shielded pairs for instrument leads. It
is desirable to check the whole arrangement of instru-
ments for stray fields.

The wiring influence of the voltage circuit shall not cause
a significant error in the measured power output. Wire
gauge shall be chosen considering the length of wiring and
a given load of the potential transformers, taking into ac-
count the resistance of the safety fuses to be used in the
voltage circuit. The errors due to wiring resistance (in-
cluding fuses) shall always be taken into account.

4-5.4 Excitation and Auxiliary Service

Test instruments for measurement of the excitation
and auxiliary power services shall be the same type as
described in para. 4-5.1 above.

4-6 D-C GENERATOR TEST INSTRUMENTS

4-6.1 Instruments

Portable indicating D-C ammeters (with shunts if re-
quired) and D-C voltmeters of the 0.25% accuracy class
shall be used. Ammeter shunts shall be calibrated prior
to installation.

Typical instrument locations are shown in Figs. 4-2(e)
through 4-2(g) for a direct current series generator, a di-
rect current shunt generator, and a direct current short-
shunt compound generator, respectively. The power
output and efficiency of each of the three types of direct
current generators are calculated as follows.

D-C Series Generator and D-C Shunt Generator:

PE � (IL � EF) � (IL � EA)

Po � IL � EL

�Gen � (1 � [(PE � PM)/(PE � PM � Po)]) � 100

D-C Short-Shunt Compound Generator:

PE � (ISh Fld � FSh Fld) � (IA � EA) � (IL � ESeries Fld)

Po � IL � EL

�gen � (1 � [(PE � PM)/(PE � PM � Po)]) � 100

where
PE � power expended in generator

PM � mechanical power loss � windage and
bearing loss

Po � power output
�gen � generator efficiency

IL � load current
ISh Fld � shunt field current

IA � armature current
EF � field voltage
EA � armature voltage
EL � load voltage

ESh Fld � shunt field voltage
ESeries Fld � series field voltage
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Fig. 4-2(e) Direct Current Series Generator
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4-6.2 Excitation and Auxiliary Service

Test instruments for measurement of the excitation
and auxiliary power services may be of the switchboard
type if their contribution to the test uncertainty will be
fewer than �0.03%. Otherwise, portable instruments of
the 0.25% accuracy class shall be used.

4-7 CALIBRATION OF ELECTRICAL INSTRUMENTS

4-7.1 Standards

The electrical test instruments used for measuring the
gross electrical output of the generator shall be calibrated
against secondary standards traceable to a recognized na-
tional standards laboratory, such as the National Institute
of Standards and Technology, under laboratory condi-
tions that approximate the expected test site conditions.

4-7.2 Procedures

Electrical test instruments shall be calibrated imme-
diately before and after the turbine generator test series.
Portable instruments shall be calibrated in a laboratory.
The value of the voltage maintained on the potential cir-

cuit of the instruments during calibration shall cover the
range of expected test values. Switchboard instruments,
if used by mutual consent of all test parties, shall be cal-
ibrated in place. Polyphase meters, or metering systems
which cannot be verified to be separate single-phase me-
ters, shall not be used unless they can be calibrated three
phase.

4-8 PRIMARY FLOW MEASUREMENT

4-8.1

The accurate determination of primary flow to the
turbine is necessary to compute turbine heat rate or
steam rate if the results are to be considered as a basis
for turbine acceptance. Recognizing the limitations pre-
sented herein, this Code recommends measurement of
water flow in the feedwater cycle. Extreme care must be
taken to obtain the high order of accuracy necessary in
primary water-flow measurement. Any deviation from
the requirements set forth in the following paragraphs
may result in an increase in uncertainty. All known er-
rors must be reduced so that their individual effect is
less than 0.05% of the primary flow to be measured.

Shunt field

A

DC
generator

Armature

V ELoad

ILoad

Shunt field

Series field

A

DC
generator

Armature

V

ELoad

I Load

Fig. 4-2(f) Direct Current Shunt Generator

Fig. 4-2(g) Direct Current Short-Shunt Compound Generator
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4-8.2 Measurement of Water Flow

While weighing of water can be the most accurate
method of measuring flow, it is seldom practical or eco-
nomical to employ weigh tanks or volumetric tanks for
testing of the large units installed in modern power
plants. The usual method of determining flow is with a
differential pressure producing device. Two sets of pres-
sure taps and a differential pressure instrument for each
set of taps will be used.

4-8.3 Recommended Method

Excellent results have been obtained using low-beta-ra-
tio throat-tap nozzles, and, for this reason, this Code rec-
ommends that they be used. The stringent requirements
for the recommended primary flow device contained in
this Code are based on experience with the low-beta-ra-
tio throat-tap nozzles installed in 4 in. to 28 in. flow sec-
tions. Larger flow sections may be used provided they can
be calibrated in accordance with paras. 4-8.13 and 4-8.14.

4-8.4 Flow Section

Throat-tap nozzles are recommended for measure-
ment of primary flow provided they comply with the
following requirements:

(a) The beta-ratio (d/D) is limited to the range of 0.25
to 0.50.

(b) The test flow section shall be calibrated (see paras.
4-8.13, 4-8.14, and 4-8.15). The flow section is comprised
of the primary element, including the diffusing section,
if used, and the upstream and downstream pipe sec-

tions. The upstream pipe section shall be a minimum of
20 diameters of straight pipe and include a flow
straightener installed at least 16 pipe diameters up-
stream of the primary element.

The preferred flow straightener utilizes a low-pres-
sure drop perforated or tubed plate with a nonuniform
hole distribution. The geometry of the design is shown
in Fig. 4-5, and hole coordinates are specified in Table 
4-1. The design and hole coordinates are identical for
both the perforated and tubed plate straightener. The
upstream side of the holes must be beveled in all cases.
The straightener is located between 2 and 4 diameters
downstream of the test flow section inlet, as shown in
Fig. 4-3(a).
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Table 4-1 Hole Coordinates for Perforated or
Tubed Plate

No. X-axis Y-axis

1 0 0
2 0 0.142 D
3 0 0.283 D
4 0 0.423 D
5 0.129 D 0.078 D
6 0.134 D 0.225 D
7 0.156 D 0.381 D
8 0.252 D 0
9 0.255 D 0.146 D

10 0.288 D 0.288 D
11 0.396 D 0
12 0.400 D 0.151 D

GENERAL NOTE: (D: pipe inside diameter).

D

D d

18 D min.

10 D min.

Throat tap
nozzle

Throat taps
Plate-type flow straightener

Upstream pressure
taps

Compressed gasket
thickness not to
exceed 1/16 in. (1.6 mm)

20 D min.

2 – 4 D

Flow

Fig. 4-3(a) Primary Flow Section With Plate-Type Flow Straightener (Recommended)

GENERAL NOTE: No obstruction, such as thermocouple wells, backing rings, etc., are permitted.
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Flow

D

D d

16 D
min.

10 D
min.

Throat tap
nozzle

Throat tapsTube-type flow straightener

Upstream pressure
taps

Compressed gasket
thickness not to
exceed 1/16 in. (1.6 mm)

20 D
min.

2D2D

Flow

Fig. 4-3(b) Primary Flow Section With Tube-Type Flow Straightener

GENERAL NOTES: 

(a) No obstruction, such as thermocouple wells, backing rings, etc., are permitted. 

(b) These figures are diagrammatic and not intended to represent details of actual construction.

d
d d

True ellipse
tolerance ± 0.001 in.

Pressure taps–drill and ream
to size 1/8 in. min., 1/4 in. max.

Minimum twice
pressure–tap diameter

Detail

True ellipse
tolerance ± 0.001 in.

See detail
below

See detail
below

Flange face
for β > 0.44
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3d
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10�
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Fig. 4-4 Throat-Tap Flow Nozzle
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An alternative is a perforated-plate flow straightener,
as shown in PTC 19.5, Flow Measurement. However, be-
cause it is likely to have a higher pressure drop, there
is an increased chance of cavitation in the nozzle dur-
ing calibration, which may limit the maximum Reynolds
Number achieved.

Another acceptable design, utilizing a bundle of at
least 50 tubes 2D long (see Fig. 4-3(b)), has been used
extensively.

Other types of flow straighteners may be used if their
ability to remove swirl and distortion from the upstream
flow has been demonstrated.

(c) The primary flow element and its flow section
shall be known to be clean (see para. 4-8.18) and un-
damaged throughout the test period. This shall be de-
termined by inspection as soon as possible before and
after the test. The location of the primary flow section
in the cycle, its physical configuration, and the technique
that is employed to obtain the flow measurements are
critical and discussed in subsequent paragraphs.

4-8.5

PTC 19.5 contains a description of the low-beta-ratio
throat-tap nozzle; however, additional information is in-
cluded in the following paragraphs that applies specif-
ically to throat-tap nozzles used for steam turbine test-
ing. PTC 19.5 also contains procedures for calculating
the flow of water through a throat-tap nozzle using
measured values of pressure differential between an in-
line set of upstream and throat taps.

4-8.6 Design and Manufacture

Because of the high degree of accuracy necessary, the
following requirements are given in regard to the de-
sign and manufacture of throat-tap nozzles for primary
flow measurement. Fig. 4-4 of this Code and PTC 19.5
show examples of long-radius, low-beta-ratio nozzle
shapes with throat taps that satisfy these requirements.
It is recommended that this nozzle be manufactured
with four throat taps, located 90 deg apart.

Great care must be taken in the manufacture and in-
spection of throat-tap nozzles, particularly in regard to
the geometry of the nozzle and downstream pressure
taps; otherwise, difficulties meeting the calibration crite-
ria may occur. This is particularly true when the flow sec-
tion is welded together, since problems with calibration
will not be evident until after the nozzle has been welded
into the upstream and downstream pipe sections. Any
required rework of the nozzle would obviously be much
more difficult than with a flanged construction.

4-8.7

The entrance provided by the low-beta-ratio profile
gives a favorable pressure gradient so that the bound-
ary layer will be very thin in the throat section and there

will be no flow separations. The area in the plane of the
throat taps shall be used in the coefficient calculation.
The nozzle shall be made from a corrosion-resistant ma-
terial with known thermal expansion coefficient, and its
surface shall be free of all burrs, scratches, imperfec-
tions, or ripples. The surface should be either “hy-
draulically smooth” or 16 � in., whichever is smoother.
For turbulent boundary layers, the surface is “hy-
draulically smooth” when protuberances are contained
within the laminar sublayer. Figure 4-6 presents the sur-
face finish necessary to be hydraulically smooth as a
function of throat diameter and the maximum throat
Reynolds number achieved during either test or cali-
bration.

4-8.8

To minimize instrument systematic error, the nozzle
throat diameter should be selected to give the maximum
deflection possible, considering both the available
pumping head and instrument range. The transducer or

ASME PTC 6-2004 STEAM TURBINES

32

0.06 in.

Flow

0.13 D

0.13 D

See Detail No. 1

45 deg
(Typ.)

Bevel
(Typ.)

Inspect for no
scores (Typ.)

0.06 in.

Varies

4

3

2
5

6
10

11

129

8

7

1

Fig. 4-5 Perforated or Tubed Plate Flow 
Straightener With Nonuniform Hole Distribution

GENERAL NOTE: This figure is diagrammatic and is not intended to
represent details of actual construction.
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manometer range should be selected to allow for fluc-
tuations and maximum flow which may be encoun-
tered. The nozzle shall not be used to measure flow
when the differential pressure is fewer than 1000 times
the reading error, or 2.5 psi (17.2 kPa), whichever is
larger. When it is necessary to measure flow over a
larger range than can be obtained by complying with
this requirement, it is permissible to use additional noz-
zles with different throat diameters. These nozzles
should be sized so that one of the test points can be run
with each nozzle.

When measuring large flows, the nozzle is sometimes
sized to give large pressure differentials with corre-
spondingly large unrecoverable losses. A large pressure
drop may prevent normal operation of the plant and
will represent a penalty in cycle efficiency, which may
be unacceptable if the nozzle is to be installed for a sig-
nificant period of time. This loss can be reduced by
about 70% by installing a diffuser downstream of the
nozzle as shown in Fig. 4-7a. This figure is for a typical
diffusing cone installation showing flow-path require-
ments and not intended to show details of mechanical
design. A cylindrical section of length d/2 preceding the
diffuser is necessary in order not to change the flow co-
efficient. Care should be taken to see that the cylindri-

cal section of the diffusing element does not protrude
into the flow from the throat of the nozzle and that the
gap between nozzle and cylindrical section is fewer than
0.050 in. The calibration must be made with the diffus-
ing section in place. It is recommended that the diffuser
material have the same expansion characteristics as the
nozzle.

A secondary benefit of a diffusing cone may occur
during calibration. With a reduced unrecoverable pres-
sure loss, the calibration facility may be able to achieve
a higher Reynolds number.

4-8.9 Pressure Taps

The pressure taps shall be between 1/8 in. (3 mm) and
1/4 in. (6 mm) in diameter and at least two pressure-tap
diameters deep. They shall be machined perpendicular
to the surface, have sharp corners, and be free from
burrs and scratches. The downstream pressure taps shall
be machined in the throat of the nozzle in order to de-
crease the effect of downstream disturbances on this
pressure measurement. They shall be drilled and
reamed previous to the final boring and polishing of the
throat. A plug with a press fit is then inserted in the
hole. The final boring and polishing operation should
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Fig. 4-6 Throat-Tap Nozzle Required Surface Finish to Produce a Hydraulically Smooth Surface
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be done after the insertion of the plug. The plug should
be made with provisions for pulling it out of the hole
after the polishing and machining is completed. After
removal of this plug, any slight burr that might be left
on the edge of the hole may be removed by using a ta-
pered piece of hardwood, such as maple, to roll around
the tap edges. The upstream taps shall be carefully made
and located one inside-pipe diameter upstream from the
nozzle entrance.

4-8.10 Pipe Section

The pipe on either side of the flow nozzle shall be
smooth, and free from rust, scale, and blisters. For the
upstream pipe section, the inside diameter measured at
four points at any cross-section shall not differ by more
than 0.2%. The average inside diameter at different
cross-sections shall not differ by more than 1%. The al-
lowable variations in inside diameter for the down-
stream pipe shall be twice those for the upstream pipe
section (see Fig. 4-7(b)).

The upstream pipe must be machined cylindrical
within �0.005 in. or �0.0005 in. per inch of pipe diam-

eter, whichever is greater, with minimum removal of
metal for a length of at least four pipe diameters, and
then tapered at 3.5 deg to the remaining pipe inside 
diameter.
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‘X ’

Smooth
transition

>0.050
in.

1.013d to 1.017d
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(finish with 3/16 in.
minimum thickness)
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smooth surface
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Fig. 4-7(a) Throat-Tap Nozzle With Optional Diffusing Cone

Machine with
taper not exceeding
31/2 deg Machined cylindrical

within ±0.005 in. or 
     ±0.0005 in. per inch 
     pipe diameter, whichever 
     is greater with minimum 
     removal of metal

4D

Flow D

D

Fig. 4-7(b) Boring in Flow Section 
Upstream of Nozzle
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4-8.11 Flanged Assemblies

Flanged assemblies are normally used with relatively
low pressures, such as when the flow element is in the
condensate line upstream of the main feed pump. This
arrangement is associated with the recommended proce-
dure for the full-scale test. The flow nozzle shall be cen-
tered in the pipe within 1/32 in. (0.8 mm) of the pipe axis.

If the flow section is downstream of the main feed
pumps where it is subject to high-pressure levels,
flanges should conform with the pressure-temperature
rating in ANSI B16.5, Pipe Flanges and Flanged Fittings:
NPS through NPS 24. Considerations, such as the cost
of the flanges, the cost of moving them into place, and
the added cost of pipe hangers, may make it desirable
to use a welded assembly (see para. 4-8.12).

When the flow section is assembled with flanged con-
nections, the pipe joints at the flow nozzle shall have the
inner bores square with the faces of the flanges. The gap
between the nozzle and pipe flanges shall not exceed
1/16 in. (1.6 mm). The gaskets shall not extend within the
pipe.

Flanges adjacent to the nozzle should be provided
with dowels or other means to ensure that all compo-
nents of the complete flow section are always assembled
in exactly the same relative locations as when it was cal-
ibrated. Some methods of manufacture may subject the
nozzle throat to distortion due to thermally induced
stress. This could be caused by the difference in linear
expansion coefficients for the different materials of the
components. To reduce the possibility of thermal dis-
tortion of the nozzle, it is desirable that the pipe and
flanges of the flow section adjacent to the nozzle be
made of a material having the same coefficient of ex-
pansion as the nozzle.

To avoid damage to the nozzle during flushing that
normally precedes the initial startup of the plant, it is
recommended that the flow section be installed after
flushing.

4-8.12 Welded Assembly

If the flow section is downstream of the main feed
pumps where it is subject to high-pressure levels, it may
be welded together and then be welded in the station
piping after the piping has been flushed. A typical of
such flow section is shown in Fig. 4-8. To meet the re-
quirement of inspecting the nozzle both before and af-
ter a test, a welded flow section shall include a plugged
inspection port immediately upstream of the nozzle. The
orientation of the inspection port will be determined by
the ease of inspection, ease of cleaning, and other de-
sign considerations. An example of such an inspection
port is shown in Fig. 4-9. The inside diameter of the in-
spection port should be at least 4 in. (100 mm) to allow
easy access and nozzle cleaning if required.

The inspection device (typically a fiber optic device)
shall not damage the sharp edges of the inspection hole
or the surface of the nozzle, particularly around the taps.
The plug must be undamaged, and the contour of the
plug must be properly aligned to preserve the flow pro-
file of the water. A plug radial clearance of up to 1/32 in.
(0.8 mm) will be acceptable. A recess (i.e., distance from
the end of the plug to the inside diameter of the pipe)
of up to 1/32 in. (0.8 mm) is acceptable. The plug must
not protrude into the pipe.

For flow sections welded into the feedwater pipe, the
flow nozzle must be constructed of a corrosion resistant
material if the pipe is subject to chemical cleaning. The
cleaning of the flow test section can be accomplished by
the use of very high-pressure water jet devices. In the de-
sign of the plant, the design of available cleaning devices
should be reviewed, and the practicality of performing
the cleaning through the inspection port should be eval-
uated. It may be advisable to install a special port down-
stream of the downstream pipe section specifically for the
introduction of a high-pressure water leaning device.

If, after installation, inspection reveals damage to the
flow nozzle or its throat taps, such damage may be

Fig. 4-8 Primary Flow Section for Welded Assembly

Flow

Plate-type flow straightener
Upstream pressure taps

Inspection port
16 D min. 10 D min.2 to 4 D

20 D min.

Throat taps

D

D

GENERAL NOTE: This figure is diagrammatic and not intended to represent details of actual construction.
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remedied through the access provided by the inspection
opening. This would depend on the type and extent of
the damage and call for consultation and agreement be-
tween the parties to the test.

Precaution should be taken to avoid nozzle throat dis-
tortion in service due to use of materials with dissimi-
lar thermal expansion characteristics.

4-8.13 Calibration

Experience shows that the coefficient of discharge for
a particular flow section cannot be satisfactorily predicted
to meet Code uncertainty objectives, and, therefore, it is
necessary to calibrate each flow section. This calibration
should be undertaken only at recognized facilities under
conditions similar to those in the actual installation. Care
must be exercised in the selection of the calibration facil-
ity and analysis of the calibration data to ensure that the
single-point accuracy necessary to establish the slope of
the calibration curve is attained. The physical construc-
tion of the piping in the calibrating setup should be sim-
ilar to that in the test setup from the standpoint of pipe
configuration, immediately upstream and downstream of
the flow-measuring section. Also, the Reynolds number,
water temperature, and other flow conditions should be
as close to test conditions as possible. The calibration
should preferably consist of at least 20 acceptable points
over a wide range of Reynolds numbers. If repeat cali-
bration points at the same Reynolds number differ by
more than 0.1%, an additional calibration point at the
same Reynolds number is recommended. When it is not
possible to calibrate at test Reynolds number, it is per-

missible to extrapolate the calibration curve as described
in para. 4-8.16. Since the effect of the transition region be-
comes increasingly smaller as Reynolds number rises,
this Code recommends that the value of the coefficient
be established at highest Reynolds number possible so
that this effect is minimal. All four tap sets should be cal-
ibrated. For the test, select the two tap sets that most
closely comply with first, the calibration criteria (see
paras. 4-8.13, 4-8.14, and 4-8.15) and second, the guide-
lines in Fig. 4-13. Each selected tap set shall be instru-
mented individually. If the calibration of the flow section
does not comply with para. 4-8.14, the nozzle should be
carefully inspected as described in para. 4-8.7, and cor-
rected, if necessary, and the flow section recalibrated. If
the recalibration still does not comply with para. 4-8.14,
the flow section should again be recalibrated using dif-
ferent facilities. In the event different facilities are not
available, the parties to the test must agree on the course
of action before the test is started.

4-8.14

Compliance with the requirements of paras. 4-8.4
through 4-8.12 is determined by the shape of the coeffi-
cient of discharge, C, versus Reynolds number curve es-
tablished by calibration. For each set of selected taps,
the calibration curve (not necessarily each individual
point) shall be within 0.25% of the reference curve (see
reference curve Fig. 4-10 and Table 4-2) and meet the
criteria of para. 4-8.15. The reference curve shown in Fig.
4-10 was derived from a detailed boundary layer analy-
sis and corroborated later by a study yielding the ex-
pression given in Table 4-2. The equation, discussed in
para. 4-8.15, is a description of the coefficient of dis-
charge, C, of a throat-tap device throughout the entire
range of Reynolds numbers of interest.

4-8.15 Evaluation of Laboratory Calibration Data

The recommended method for determining if the cal-
ibration data of a throat-tap nozzle is satisfactory, i.e.,
can be extrapolated parallel to the reference curve as re-
quired in para. 4-8.14, is as follows:

Make multiple solutions of an equation of the form
C � Cx � 0.185 Rd

�0.2 (1 � 361,239/Rd)0.8

This is done by substituting the measured value of the
coefficient of discharge of each calibration point with a
Reynolds number greater than one million into the
above equation as C and evaluating for Cx. Three crite-
ria must be satisfied for the nozzle calibration to be ac-
cepted as satisfactory.

4-8.15.1 Average Value. The average value of Cx

must equal 1.0054 � 0.0025 (therefore, 1.0079 
 Cx 

1.0029).

4-8.15.2 Reynolds Number Independence. The val-
ues of Cx must show no dependence on Rd. This is de-
termined by an unconstrained linear regression of Cx

ASME PTC 6-2004 STEAM TURBINES
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Fig. 4-9 Inspection Port Assembly

GENERAL NOTE: The orientation of the access port on the pipe 
is determined by the designer (see para. 4-8.12).

Radial clearance

0 in. �0.031
�0.000

Recess
0 in. �0.031

�0.000

4 in. min.
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(least squares fit) represented by the equation Cx � a �
bRd. If the slope of the unconstrained fit, b, is within
�2.7E-10, the values of Cx may be considered Rd inde-
pendent (or have an acceptable degree of Rd depend-
ence). For further information on this issue, refer to
ASME PTC 6A-2000 Appendix to PTC 6 Test Code for
Steam Turbine, section 5.

If the flow section is to be used within its calibration
range, the curve obtained from the calibration data can
be used even if its slope does not meet this Reynolds
number independence criterion.

Guidance on performing regression analysis may be
found in PTC 19.1, texts on statistical analysis, and IS0
7066-I 1989, “Assessment of Uncertainty in the Calibra-
tion and Use of Flow Measurement Devices–Part 1. Lin-
ear Calibration Relationships.”

4-8.15.3 Scatter of Calibration Data. The confi-
dence interval of the Cx data for 95% confidence level
should not exceed 0.0006 (�0.0003 from the regression
line of Cx). If this is not achieved with the recommended

20 calibration points, it will be necessary to collect ad-
ditional calibration points.

If there is excessive scatter in the calibration data, the
nozzle should be inspected, reworked, and recalibrated.
If scatter is still present, another nozzle shall be used for
the test.

4-8.16 Extrapolation

When an extrapolation of calibrated data to higher
Reynolds numbers is required, as permitted by para. 
4-8.13, that extrapolation shall be made by solving for
C at test Reynolds number in the equation in para. 
4-8.15 with Cx equal to the average value determined
for the set of calibration data being used. This method
provides a precise and repeatable means for determin-
ing a coefficient of discharge beyond the upper limit of
the calibration range.

4-8.17 Transition Region

At low-throat Reynolds numbers, the nozzle bound-
ary layer is laminar; at high-throat Reynolds numbers,
it is turbulent. In between these two regions is a zone
called the transition region. Figs. 4-10 and Table 4-2 in-
dicate that for Reynolds numbers between 1 and 4 mil-
lion, nozzle coefficients described in this Code are no-
ticeably affected by the transition of the boundary layer.
However, experience has shown that for any given noz-
zle, coefficients in this region are repeatable within lab-
oratory random. Therefore, the coefficient of discharge
in this region is stable and usable for any calibrated noz-
zle that meets the evaluation criteria in para. 4-8.15. It
is recommended that nozzles be sized to produce throat
Reynolds numbers beyond this range if possible and ex-
trapolation be performed as described in para. 4-8.16.

4-8.18 Deposits

A slight iron-oxide film on the nozzle surface will
usually collect during the test. If film thickness is fewer
than 0.0002d, and uniformly deposited, its effect on the
uncertainty of the flow measurement will be negligible.

Table 4-2 Reference Nozzle Coefficients of 
Discharge 

Throat Reynolds Coefficient of

Number in Millions Discharge, C

1.0 0.9972
2.0 0.9967
3.0 0.9969
4.0 0.9972
5.0 0.9974
6.0 0.9976
8.0 0.9980

10.0 0.9982
20.0 0.9991
30.0 0.9995
40.0 0.9999
50.0 1.0001

GENERAL NOTE: Reference nozzle coefficients of discharge are derived
from the expression C � 1.0054 � 0.185 Rd

�0.2 [1 � 361,239/Rd]0.8,
which reasonably matches the reference curve shown in Fig. 4-10.

0.98

0.99

1.00

C

Throat Reynolds Number, Rd

105 106865432 107865432 4 532

Fig. 4-10 Reference Curve for Nozzle Calibration
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If the thickness of the deposit exceeds this value, or if
the nature of the deposit is nonuniform and the surface
appears rough, either of two procedures may be fol-
lowed:

(a) the nozzle may be cleaned using commercial
cleaning agents or fine rubbing compounds not harm-
ful to the nozzle and the test repeated; or

(b) the flow measuring section may be recalibrated,
and if the calibration change is judged to be insignifi-
cant by the parties to the test, they should agree on the
action to be taken.

Care must be taken not to disturb the deposit before
recalibration. If the calibration is significantly different
from the calibration prior to the test, it is necessary that
another set of runs be made under deposit-free condi-
tions. The test results cannot be adjusted, since it is usu-
ally impossible to determine when the deposit formed
on the nozzle. Removable flow sections should be in-
stalled, at a practicable time, to minimize the interval
between installation and test dates.

4-9 INSTALLATION OF FLOW SECTION

4-9.1 Recommended Cycle Locations

As stated in paras. 1-3.1 and 1-3.2, this Code provides
a choice for the location of the primary flow measure-
ment. Variations in flow measurement locations may be
used by agreement between the parties to the test pro-
vided precautions are taken to eliminate heater leakage
and recirculation flows and appropriate instrumenta-
tion is installed.

Figures 4-11(a) through 4-11(e) show the location of
flow instrumentation in typical cycles. While these dia-
grams show only single strings of heaters, two or three
strings are commonly used with the larger sized tur-
bine-generator units. For cycles of large units and par-
ticularly those with nuclear steam supply systems, two
or more flow measuring devices may be used in paral-
lel at each primary flow location.

4-9.2 Condensate Flow Section

(a) For units with high-pressure feedwater heaters
supplied with superheated extraction steam, see Fig. 
4-11(a). If the feedwater cycle has a deaerator, it is rec-
ommended that condensate flow entering it be meas-
ured as primary flow. This eliminates the possibility of
any heater tube leakage recirculating through the flow
measuring device.

If the feedwater cycle has no deaerator but does have
a heater with pumped-ahead drains immediately up-
stream of the feedwater pump, it is recommended that
the condensate flow entering this heater be measured.
Again, there is no possibility of heater tube leakage re-
circulating through the flow measuring device.

If the feedwater cycle has no deaerator nor pumped-
ahead heater drains immediately upstream of the feed-

water pump, it is recommended that condensate flow
be measured downstream of the low-pressure heaters
and upstream of the feedwater pump. If the absence of
high-pressure heater leakage is not verified by use of a
suitable tracer or other technique, it will be necessary to
measure the total drain flow from the high-pressure
heaters for comparison with the sum of the extraction
flows from these heaters as calculated by heat balance.
The difference between these values is the amount of
suspected high-pressure heater leakage.

The preceding primary flow locations were selected
to improve the accuracy of the measurement by (1)
avoiding difficulties associated with use of flanged
joints in high-pressure piping, (2) taking advantage of
lower water temperatures that minimize the extrapola-
tion of the coefficient-of-discharge curve, and (3) avoid-
ing complications created by possible recirculating
flows through the primary flow section.

(b) For units with high-pressure feedwater heaters
supplied with wet extraction steam, see Fig. 4-11(b) and
(c). If the feedwater cycle has a heater with pumped-
ahead drains upstream of the feedwater pump (Fig. 
4-11(b)), it is recommended that the condensate and
heater drain flows both be measured immediately up-
stream of the point where they mix and the sum of the
two flows be used as primary flow, provided that the
absence of heater leakage is verified by use of a suitable
tracer technique. Otherwise, the feedwater flow from
the highest pressure heater also must be measured for
comparison with the primary flow with adjustment for
feedwater pump injection and leak-off flows. The dif-
ference between these values is the amount of suspected
high-pressure heater leakage.

If the feedwater cycle has only heaters with drains
cascading to the condenser [Fig. 4-11(c) [Note (1)]], it is
recommended that feedwater pump suction flow be
measured, provided that the absence of heater leakage
is verified by use of a suitable tracer technique. Other-
wise, feedwater flow from the highest pressure heater
must be measured for determination of suspected wa-
ter leakage, as in the case of the intermediate pumped-
ahead-heater cycle. When measuring feedwater pump
suction flow, use of a metering pressure drop that in-
fringes on the pump required minimum NPSH should
be avoided.

(c) Before aborting or discarding a test because of sus-
pected high heater leakage (see para. 3-8.10), the isola-
tion of the cycle should be rechecked, calibration curves
of the flow measuring devices investigated, and possi-
bility of error in the final feedwater or heater drain flow
measurements considered.

4-9.3 Feedwater Flow Section

The primary flow measuring device is installed, per-
haps welded, in the feedwater line, downstream of the
highest pressure heater, so that it directly measures
feedwater flow to the steam generator.

ASME PTC 6-2004 STEAM TURBINES
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4-9.4

To minimize the difficulty of obtaining steady flow,
the flow measuring device should not be located at a
pump discharge. Advantage should be taken of the
damping effect of any existing heat exchangers and long
lengths of pipe in the cycle in locating the flow mea-
suring device. The flow measuring device should also
be located to eliminate the effects of recirculating and
bypassing flows. If this is not possible, extraneous flows
shall be measured with sufficient accuracy so that the
effect on primary flow uncertainty is fewer than �0.05%.

4-9.5

The installation of the flow measuring section in a hor-
izontal run is recommended. To minimize the effects of
distortion due to thermal expansion and nozzle-coeffi-
cient extrapolation due to higher Reynolds numbers,
flow nozzle locations having water temperatures below
300°F (422K) are preferred. However, flow nozzles lo-
cated downstream of the highest pressure heater are ac-
ceptable if they are designed in accordance with this
Code (see paras. 4-8.6 through 4-8.18).

4-9.6

When the flow measuring device is installed such that
the upstream and downstream tap locations are at dif-
ferent elevations, it is necessary to correct for water leg
differences between the tap elevations caused by the dif-
ference in density of the water in the flow section and
pressure-sensing lines (see Fig. 4-12).

4-9.7

If the only two acceptable sets of taps are 90 deg
apart instead of the recommended 180 deg apart in 

a horizontal pipe, one set should be located at the 
horizontal axis of the pipe (see Fig. 4-13). If the other
set of taps has the upstream and down-stream taps
connected to the pipe at different elevations, special
attention to insulation must be given to minimize 
any specific weight differences between the water
flowing through the pipe and in the pressure tap lines
(see para. 4-9.6 and Fig. 4-12). If the flow section is 
located in a vertical pipe, any tap configuration is 
acceptable. See para. 4-9.6 for further discussion of
necessary water leg correction for taps at different 
elevations.

44

h � difference in
water leg

For upward flow:
ptrue �� pmeas. � (pamb � ppipe)(go

g )h�

DP

For downward flow:
ptrue �� pmeas. � (pamb � ppipe)(go

g )h�

Fig. 4-12 Water Leg Correction 
for Flow Measurement

Recommended: Acceptable:

Not recommended
(Subject to dirt
pluggage)

First preference Second preference

Fig. 4-13 Flow Element Tap Locations for Horizontal Pipes
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4-10 FLOW CHARACTERISTICS

4-10.1

Flow measurements shall not be undertaken unless the
flow is steady or fluctuates only slightly with time (see
also para. 3-9). The permissible magnitude of mass flow
fluctuation requires that the magnitude of the differen-
tial pressure fluctuation, (max � min)/2, not exceed 1%
of the average for fluctuation frequencies greater than or
equal to twice the sampling rate. For fluctuation fre-
quencies less than twice the sampling rate, the permissi-
ble limit of the fluctuation in differential pressure is 4%.
Fluctuations in the flow shall be suppressed before the
beginning of a test by very careful adjustment of flow and
level controls or introducing a combination of conduc-
tance, such as pump recirculation, and resistance, such as
throttling the pump discharge, in the line between the
pulsation sources and flow measuring device. Damping
devices on instruments do not eliminate errors due to pul-
sations and, therefore, shall not be used. If the pulsations
exceed the above values after every effort has been made
to suppress them, mutual agreement is required before
the test can proceed.

4-10.2

In passing through the flow measuring device, the
water shall not flash into steam. The minimum throat
static pressure shall be higher than the saturation pres-
sure corresponding to the temperature of the flowing
water by at least 20% of the throat velocity head, as re-
quired per para. 4-16.2, to avoid cavitation.

4-11 OTHER FLOW-MEASURING DEVICES

Information relative to the construction, calibration,
and installation of other flow-measuring devices is de-
scribed in PTC 19.5. Although these devices are not rec-
ommended for the measurement of primary flow, they
may be used provided they conform to the general re-
quirements of paras. 4-8.4 and 4-8.14 with the following
exceptions:

(a) For the requirement stated in para. 4-8.4(a), the
beta-ratio shall be limited to the range 0.25 to 0.50 for
wall-tap nozzles and venturis and 0.30 to 0.60 for orifices.

(b) For the requirement stated in para. 4-8.14, the ap-
propriate reference coefficient for the actual device
given in PTC 19.5 shall be used. The parties to a test
should become familiar with the contents of PTC 19.5
regarding these devices.

4-12 MEASUREMENT OF STEAM FLOW

4-12.1

This Code requires that the primary flow be mea-
sured in the feedwater cycle (para. 4-9) whenever pos-

sible. When the cycle configuration requires primary
steam flow measurement, the requirements for accurate
steam flow measurements are the same as for water flow
measurements with the exceptions and additions of
paras. 4-12.2 through 4-12.5. The installation and cali-
bration of flow measuring devices used to measure pri-
mary steam flow to high-pressure, high-temperature
turbines, however, is inherently difficult.

4-12.2 Installation

The installation shall be in accordance with PTC 19.5.
Valve stems should be in the horizontal position to pre-
vent trapping of water.

4-12.3

The flow section shall have the same thermal insula-
tion as the rest of the steam pipe.

4-12.4 Flow Characteristics

In passing through the flow measuring device, the
steam shall remain superheated. Measurement shall not
be attempted if the amount of superheat is less than 27°F
(15K) in the throat.

4-12.5 Secondary Measurements

The calculation of steam flow through a nozzle, an
orifice, or a venturi should be based on upstream con-
ditions of pressure, temperature, and viscosity. In order
to avoid the disturbing influence of a thermowell lo-
cated upstream of a primary element, downstream
measurements of pressure and temperature are used to
determine the enthalpy of the steam, which is assumed
to be constant throughout a well-insulated flow mea-
surement section. Based on this enthalpy and the up-
stream pressure, the desired upstream properties can be
computed from steam tables.

4-13 MEASUREMENT OF WATER 
FLOW USING TANKS

4-13.1

Actual weighing of water is the most accurate method
of measuring flow if the tanks, timing devices, and
scales are sized and calibrated to eliminate total mea-
surement uncertainty of 1% or greater. It is sometimes
necessary to load and unload large scales many times be-
fore an accurate scale calibration can be obtained.

4-13.2

Volume tanks also give accurate results provided that
they are properly maintained and calibrated. Tempera-
ture corrections should be applied to account for changes
in tank size.
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4-13.3

The following precautions shall be observed in the use
of weigh or volume tanks:

(a) There shall be no spilling or loss of water at ad-
mission whenever two tanks are used. Whatever means
are employed for diverting water from one tank to an-
other shall be quick, positive, and symmetrical.

(b) Should the method of measurement require level
indicating means, the arrangement of the tank or tanks
shall be such that the level may be observed with an ac-
curacy that will limit the total measurement uncertainty
to less than 20.1 of the contents of the tank, including er-
rors of observation incidental to turbulences caused by
the maximum rate of incoming water flow.

(c) It shall be ascertained that inlet and outlet valves
or gates do not leak when closed.

(d) It shall be ascertained that the weighing tank sys-
tem is free from any external force and that nothing can
affect the weight reading except the deadweight, or tare,
of the tank and the water to be weighed. The dead-
weight, or tare, shall be taken before each filling.

(e) Volume tanks must cease dripping before the out-
let valves are closed.

(f ) In order that any inconsistency in the quantity
measurements may be immediately discovered, equal
time periods or equal weight increments should prefer-
ably be alloted for charging weigh tanks.

(g) For weigh tanks, the weight of air displaced by
water shall be taken into account.

(h) The method of accounting for losses in the form
of flash vapor shall be agreed upon.

(i) The density of water in the volume tanks should

be determined from a temperature measurement accu-
rate to within �1°F (0.5 K).

4-14 DIFFERENTIAL-PRESSURE MEASUREMENTS

4-14.1

The measurement of the differential pressure neces-
sitates particular care. Some precautions are listed be-
low and illustrated in Fig. 4-14(a) and 4-14(b).

(a) Calibrated differential pressure transducers are
recommended. A transducer for each set of taps is re-
quired. For primary flow measurements, differential
pressure transducers of the 0.05% (or better) accuracy
class (kO.1% maximum uncertainty) shall be used. Al-
ternatively, mercury-filled manometers may be used
provided the precautions of para. 4-1.4 are followed. The
length of piping between the flow measuring device and
manometers shall not exceed 25 ft (7.5 m) and shall be
uninsulated. Piping to transducers may be longer than
25 ft (7.5 m) and shall be uninsulated.

(b) For primary flow measurements, differential pres-
sure transducers should not introduce an uncertainty
exceeding �0.1% of the minimum flow to be measured.
They must be calibrated before and after each test, and
each calibration must be accomplished for both in-
creasing and decreasing pressure in order to establish
hysteresis. If one-half the hysteresis error is small
enough to allow use of the transducer, the mean curve
between the two calibration curves shall be used for cor-
recting the observed pressure. The aging of the trans-
ducer must be carefully recorded. The before and after
calibration curves shall not differ by more than 0.05%
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Fig. 4-14(a) Connection Between Calibrated Flow Section and Transducer
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of mass flow. Except by agreement of the parties to a
test, the test must be repeated if this difference is ex-
ceeded. It is advisable to use transducers which have
stable characteristics over the span of the test period.

(c) In order to achieve and maintain the desired ac-
curacy, transducers may require shock mounting and a
temperature-controlled environment during the test. All
transducers shall be bench calibrated at line pressure us-
ing a calibration reference that is traceable to a recog-
nized national standards laboratory, such as the Na-
tional Institute of Standards and Technology. After
installation for the test, a zero reading shall be obtained
at line pressure.

(d) In nuclear applications, transducers may be
mounted in areas of high radioactivity. Pressure lines
run from the transducers to an area of low radioactiv-
ity allow the transducers to be calibrated in place. Ap-
propriate remotely controlled valves with the same flow
resistance in each direction must be used (see Fig. 4-15).

(e) For manometers, connecting piping used between
the pressure taps and the instruments shall not be less
than 3/8 in. (10 mm) inside diameter tubing or equiva-
lent to avoid resistance damping inside the piping. This
tubing shall run horizontally for 3 ft (1 m) from the flow

measuring device and then slope down continuously
without loops to the instrument in order to eliminate air
from the lines.

(f ) Precaution must be taken when running the in-
strument piping to ensure that the temperature differ-
ence of the fluid in the two lines connecting the primary
element and each instrument does not exceed 4°F (2K).
The piping should be bundled and run to minimize the
heat transferred from external sources.

(g) The instrument piping shall be well flushed be-
fore the instrument is connected. The instrument con-
nections shall include valves, tees, bleeders, and dirt
traps as shown in Fig. 4-14(a) and (b), suitable for shut-
ting off instrument piping or venting at any time dur-
ing the test. Sufficient time should be allowed for the wa-
ter legs in the connecting piping to reach temperature
equilibrium. Connecting piping temperature should be
below saturation for the measured pressure. A minimum
waiting time of one hr is usually sufficient.

(h) Zero-displacement solenoid-operated valves may
be installed with manometer systems, as shown in Fig.
4-14(b), in each tube close to the primary element to
eliminate differential-pressure fluctuations during read-
ing. These valves are to be closed for reading at definite

Flow
straightener

Calibrated
flow nozzle

Flow
DD

Upstream
section

Downstream
section

Floor line

Clearance required
for manometers

36 in.

36 in.

Vent

(Bundled)

*Not to be used with transducers

Gate valve

Plan View End View

Solenoid
actuated valve*

Fig. 4-14(b) Connection Between Calibrated Flow Section and Manometer

GENERAL NOTE: Connecting piping between taps and manometers shall not be less than 
3/8 in. (10 mm) inside diameter or equivalent. Refer to para. 4-14.1(e).
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intervals without regard to the value of the differential
pressure. Other means of obtaining instantaneous read-
ings may be employed if they do not introduce errors
in the reading. Solenoid valves should not be used with
transducers for arresting readings but may be used for
multiplexing instruments.

(i) Differences in elevation of pressure taps must be
known within 0.25 in. (6 mm).

(j) The instruments should be located at a lower ele-
vation than the primary-flow element.

(k) When it is impossible to locate the instrument at
the lower elevation, special precautions must be taken
to ensure proper venting of the system. Suitable water
reservoirs must be installed above the instruments with
valves for venting. Also, a temperature seal (loop in pip-
ing) must be installed between the primary element and
instruments.

4-14.2

The differential-pressure instruments before and after
each test run shall show a change in the zero reading less
than 0.1% of the differential observed during that test
run. At any time during the test run, the corrected in-
stantaneous readings of the two instruments shall agree
with one another within 0.2%, after correction for any
calibration difference between the two tap sets.

4-14.3

Manometers should be 7/16 in. (11 mm), or larger, bore,
random type, and read with the aid of an antiparallax

reader or other suitable means to within 0.01 in. (0.25
mm) (see paras. 4-17.6 and 4-17.7). If mercury is used as
the measuring fluid, it must be instrument grade hav-
ing less than one part per million of nonvolatile residue.
The manometer must be scrupulously cleaned before
the mercury is introduced. See para. 4-1.4 for precau-
tions on the use of mercury.

4-14.4

The density of water should be determined from an
accurate temperature measurement taken in accordance
with para. 4-18.2 and a pressure measurment taken in
accordance with para. 4-17.1. The temperature mea-
surement should be located within 10 pipe diameters
downstream of the primary flow section.

4-15 ENTHALPY-DROP METHOD FOR 
STEAM-FLOW DETERMINATION

The enthalpy-drop method may be employed for 
the determination of steam flow but is applicable on-
lyto noncondensing or backpressure turbines having
a flow at rated output of not less than 50,000 lbm/hr
(6.03 kg/s), an exhaust temperature corresponding 
to at least 27°F (15K) superheat, and an enthalpy drop
of not less than 200 Btu/lbm (465 kJ/kg). Separate 
generator tests must be available from which electri-
cal losses can be computed or their value must be
agreed upon. The parties to the test shall assign 
and agree upon values for the mechanical losses of 
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Upstream section
20 dia. long with
straightener

Downstream
section 10 dia. long

Inplace calibrations

“A,” “B,” “C” – remote
operated electric-solenoid
valves for calibration

10-50 MA or equivalent
output to computer of
portable data-acquisition
system

Scanner

Printer

Digital
volt

meter

Computer

Radioactive
barrier

Venturi

’A’
’B’

’C’

�P

Fig. 4-15 Connection Between Flow Section and Transducer in Area of High Radioactivity

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 6 
20

04

https://asmenormdoc.com/api2/?name=ASME PTC 6 2004.pdf


STEAM TURBINES ASME PTC 6-2004

49

the turbine, which for the method to be acceptable,
shall not exceed 2% of rated output. The steam 
flow is calculated from an energy balance based on
measurements of pressure and temperature of all
steam entering and leaving the turbine, including 
consideration of leakoffs, generator output, and the
agreed upon mechanical and electrical losses. Not
fewer than two independent determinations of the 
inlet enthalpy and exhaust enthalpy shall be made,
which shall agree with each other within 0.5 Btu/lbm
(1.2 kJ/kg).

4-16 ADDITIONAL FLOW MEASUREMENTS

4-16.1

The type of instrumentation and the technique for
measuring flows other than primary flow shall be de-
termined by the accuracy requirement based on calcu-
lation of the expected flows and their effect on the over-
all results. The combined uncertainty of these
measurements shall not affect heat rate by more than
�0.1%.

Any secondary flow measurement requiring a lower
uncertainty than �5% shall be made with calibrated
flow measuring devices. An allowable uncertainty of
�2% requires flow straighteners which divide the pipe
cross-section into at least 12 sections of equal areas in-
stalled upstream of the flow measuring devices. If the
allowable uncertainty is to be less than �1%, a perfo-
rated or tubed plate with a nonuniform hole distribu-
tion is required. For allowable uncertainties of less than
�0.5%, all requirements for accurate flow measurement,
stated in paras. 4-8.4 through 4-12.6, must be satisfied.

4-16.2 Extraction Flows

If the extraction steam is superheated, the extraction
flow can be determined by heat balance calculation. The
uncertainty of the result increases as the temperature rise
across the heater diminishes. It should be noted that er-
rors in temperature measurement will be translated into
errors in extraction flow. For instance, an error of 1°F
(0.5K) in the measured temperature rise of a heater with
an increase of 30°F (17K) will result in an error in ex-
traction flow of approximately 3.3%. In wet-steam cycles,
extraction flows can be determined from heater drain
flow measurements using calibrated flow measuring de-
vices. Nozzles can be used, and for the lowest pressure
heater, a diffusing cone should be installed downstream
of the nozzle because of the small pressure drop avail-
able. In sizing these nozzles, the best compromise be-
tween Reynolds number, pressure loss, beta-ratio, and
deflection should be made without reducing the critical
cavitation coefficient K below 0.55 to avoid cavitation.

K �
144(pthroat � psat)






2
�

g

 Vthroat

2

This verification is necessary for any flow where a lim-
ited amount of pressure drop is available for flow mea-
surement. The cavitation problem may be reduced by
providing a loop seal, or increasing the height of the loop
seal as in Fig. 4-16, to increase the head on the meter.

The measurement of the differential pressure requires
care and should follow the precautions outlined in para.
4-14 for primary flow differential pressure measure-
ment. Heater drain flows are often unsteady; to mini-
mize errors due to such unsteady flow, reference should
be made to paras. 3-9.1 through 3-9.4 for guidance on
frequency of readings.

For some secondary flows, such as moisture separator
and reheater drains, a flow section may be impractica-
ble because of cavitation caused by inadequate head. In
these cases, the tracer technique can be used to measure
the flow. The uncertainty for this method is about �1%.

4-16.3 Feedwater Pump Turbine Steam Flow

Steam consumption of a feedwater pump turbine is
preferably measured as condensate if a separate condenser
is installed. However, in a cycle having a feedwater pump
driven by a turbine supplied with steam from the main
turbine, and where the condensate cannot be separately
measured, the steam supplied must be measured.

Feedwater pump turbine steam flow should be de-
termined with instruments whose combined uncer-
tainty is not greater than �2% to limit the effect on heat
rate to not more than �0.5%.

4-16.4 Packing Leak-Off Flow

An uncertainty no greater than �5% is satisfactory for
packing flow measurements. This is attainable with ap-
propriate, commercially available uncalibrated instru-
mentation.

Original piping

Test section

Drain
tank

Moisture
separator

Base elevation

Fig. 4-16 Loop-Seal Piping Arrangement for 
Moisture Separator Drain Flow Measurements
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4-16.5 Turbine Interstage Packing Leakage Flow

Opposed flow HP-IP turbines have shaft packing be-
tween the HP and IP units to restrict steam flow from
the HP first stage exit zone to the IP inlet bowl. It is im-
portant to assign values to this flow and its enthalpy be-
cause it bypasses the reheater, affecting the calculation
of hot reheat steam flow and, thus, the turbine test heat
rate.

Since direct measurement of this leakage rate is not
possible, a suitable approximation of this flow can 
be obtained by a special test procedure, involving 
enthalpy drop tests with selected combinations of
throttle and hot reheat temperatures. In applying this
method, it is assumed that the expansion of steam
through the IP turbine takes place at the same effi-
ciency regardless of (1) the starting state point and (2)
the amount of the influence of the leakage from the HP
turbine. Both of these items can be varied in a series 
of enthalpy drop tests in which different combinations
of throttle and hot reheat temperatures are selected.
The resulting “apparent” overall IP efficiencies (hot re-
heat state point to IP exhaust state point) are then an-
alyzed to determine the most likely amount of leakage
flow. It is helpful to include tests with the largest pos-
sible influence of this leakage on “apparent” IP effi-
ciency by selecting combinations involving either high
throttle temperature and low hot reheat temperature

or high hot reheat temperature and low throttle tem-
perature.

In applying this method, each “apparent” IP effi-
ciency must be adjusted to the level to be expected if
two assumed amounts of interstage leakage (1% and 4%)
had not been present when the test was run. Plots of
straight lines through several pairs of these points (IP
efficiency vs. leakage flow in percent of hot reheat bowl
flow) should show a convergence on the actual amount
of leakage present. The adjustment of the “apparent” IP
efficiency can be derived from Fig. 4-17, Effect of HP/IP
Leakage on Measured IP Efficiency.

The reader is cautioned that this method will include
any other leakage (such as leakage across horizontal
joints of internal parts) in addition to that through the
packing. The enthalpy of any other leakage may not be
known, but fortunately, the enthalpy of the leakage does
not have a large effect on the result.

This method should result in an uncertainty in inter-
stage leakage flow of less than 1% of hot reheat flow.

4-16.6 Air-Ejector Steam Flow

Steam-jet air-ejector steam flow may be determined
from the measured pressure and temperature of its steam
supply and known cross-sectional area of the jets. When
the steam supply is wet, it may be preferable to use the
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GENERAL NOTES: 
(a) Assumes 500 psia/1000°F HRH conditions and 90% true IP section efficiency. 
(b) Numbers on curves are the difference between the HRH and HP/IP leakage enthalpies.

Fig. 4-17 Effect of HP-IP Leakage on Measured IP Efficiency
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design flow rates for the nozzle, corrected for supply pres-
sure.

4-16.7 Feedwater Heater Leakage

Feedwater heater leakage can be determined by in-
jecting a tracer in the condensate entering the lowest
pressure heater and measuring the tracer concentration
in the heater drains.

If tracers are not used, such as in a fossil plant, feed-
water heater leakage can be determined by closing the
extraction valve, diverting the entering drain flow, and
checking for a level change.

4-16.8 Heater Drain Flow

Extraction enthalpies can be determined by making
energy balances around individual feedwater heaters,
solving directly for enthalpy once the extraction flow
quantities are determined by measurement of heater
drain flows. The difference between the drain flow leav-
ing a heater and drain flow(s) into that heater is the ex-
traction flow from the turbine to that heater. See para.
4-16.2 for guidance in making the heater drain flow
measurements (see para. 4-16.8 below).

4-16.9 Two-Phase Steam-Water Mixtures

There are instances when it is desirable to measure
the flow rate of a two-phase mixture. An example is the
use of an orifice plate to measure the flow of wet heat-
ing steam to the live steam reheater in a nuclear plant.
When this is done, the installation should be made with
all the care recommended in para. 4-16.1.

The calculation of the flow rate through the orifice re-
quires that the familiar flow equation1 be adjusted to ac-
count for the presence of the water. Although there is
no universally accepted adjustment resulting from the
experimentation that has been carried out by several in-
vestigators, the following correlation is thought to be
the best available for the applications required in this
Code:

G � � 	� 	1/2

which can also be expressed as

G � K � 	� 	1/2

where
G � phase mass flow rate, lbm/hr (kg/s)
C � orifice discharge coefficient � 0.61
Y � expansion factor

�p



x1.5(vg � vf) � vf

CYd2Fa



�(1 � ��4)�

2gc�p



x1.5(vg � vf) � vf

CYFaA



�(1 � ��4)�

Fa � orifice thermal expansion factor
K � (�/4)(3600/144)(12�2(32.174) � 1890.07 for

U.S. Customary units
K � �2�(�/4) � 1.11072 for SI units
D � throat diameter, in. (m)
A � orifice area, ft2 (m2)
� � ratio of orifice diameter to inside pipe diameter

�p � differential pressure across the orifice, psi (Pa)
x � inlet mixture quality, decimal fraction

vg � specific volume of vapor phase, ft3/lbm
(m3/kg)

vf � specific volume of liquid phase, ft3/lbm
(m3/kg)

gc � constant of proportionality, 32.174 lbm-ft/lbf-
sec2 (only for U.S. Customary units)

4-17 MEASUREMENT OF PRESSURE

4-17.1

The following list includes the instruments to be used
for pressure measurement:

(a) Calibrated pressure transducers of the 0.10% ac-
curacy class for all critical pressure measurements (see
Fig. 4-18). Alternatively.

(1) for pressures above 35 psia (240 kPa), use cali-
brated deadweight gages having a piston ratio of 10:1
or less.

(2) for pressures below 35 psia (240 kPa), use cali-
brated manometers (see para. 4-17.7). See para. 4-1.4 on
precaution on use of mercury as the manometer fluid.

(b) Random-type barometers for atmospheric pres-
sure measurement (see paras. 4-17.11 through 4-17.15).

(c) Absolute pressure transducers of the 0.10% accu-
racy class or better for exhaust pressure measurement
of condensing turbines. Alternatively, absolute pres-
sure gages, calibrated manometers (see para. 4-17.7), or 
differential pressure tranducers as described in para. 
4-17.31 may be used.

4-17.2

Calibrated pressure transducers of the 0.25% accuracy
class may be used to determine pressures where a high
degree of accuracy is not required as in the case of wa-
ter pressure at a test nozzle to determine density. Al-
ternatively, calibrated laboratory Bourdon gages may be
used in this application.

4-17.3 Transducers

Accurate pressure measurements with transducers re-
quire care in use, proper maintenance, and proper in-
stallation. It should be recognized that a transducer is,
in general, a delicate instrument and must be treated as
such.

4-17.3.1 Accuracy. The required accuracy of a
transducer for turbine testing should be determined by

1 James, Russell, Metering of Steam-Water Two Phase Flow by
Sharp Edged Orifices, Proc. Ins. Mechanical Engineers, 1965–1966,
Vol. 180, Pt. 1, No. 23, pp 549–566.
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calculating the effect an error in the pressure measure-
ment has on heat rate. Regardless of the transducer ap-
plication, it should be calibrated before and after every
test.

4-17.3.2 Location. The transducer should be lo-
cated in a position that is free of vibration, dirt, and
where there are not likely to be large changes in ambi-
ent temperature, such as may be caused by an outside
door. Where possible, transducers measuring pressures
above atmospheric should be mounted below the tap,
and those measuring pressure below atmospheric
should be mounted above the tap.

4-17.3.3 Zero Reading. If the transducer is sensi-
tive to changes in environment, such as temperature,
and a controlled capsule surrounds the sensing element,
the system should be given a minimum of 3 hr to sta-
bilize before readings are taken. A zero reading shall be
taken before and after each test run. The zero reading
shall not change more than 0.1% of the reading observed
during the test run.

4-17.3.4 Differential-Pressure Transducers. Spe-
cial precautions should be observed when a transducer
is used to measure differential pressure. The transducer
selected for primary flow differential should have an er-
ror no greater than 0.05% of full scale plus 0.010% of
reading (see para. 4-14).

4-17.4 Deadweight Gages

Deadweight gages shall be calibrated or standardized
before initial usage and thereafter as needed. The
weights shall be standardized by comparison with those
of a recognized national standards laboratory, such as
S weights of the National Institute of Standards and
Technology. When taking readings, the weights and
gage piston must be rotating to assure no fouling and
complete freedom of motion.

4-17.5 Bourdon Gages

Bourdon gages should be connected to the pressure
tap by an adequate coil to prevent high-temperature
fluid from reaching the gage.
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GENERAL NOTES: 
(a) Gage may be above, below, or level with pressure tap.
(b) Gage must be set on a level support or leveled by means of leveling screws in base.
(c) Gage must not be subjected to vacuum. Shut valve immediately if turbine is tripped out or before shut-

ting down. 
(d) Connecting piping shall not be less than 3/8 in. (10 mm) inside diameter, and 1/2 in. (13 mm) nominal

outside diameter, or equivalent tubing (refer to para. 4-17.22).

Fig. 4-18 Connection Between Pressure Source and Transducer

Water
 leg

For Measuring Pressure
Above 35 psia (240 kPa)

Connection with
 no reversal of slope

At least 2 ft. of
 horizontal level
 pipe (level within
 1/4 in.)

Blowdown
 valve

6 –12 in.
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4-17.6 Manometers and Barometers

A manometer may be of the U-tube type with scales
so arranged as to make it possible to read the level of
each leg and with the same size of tubing in both legs
or, alternatively, a reservoir-type manometer, which
may have a compensated scale.

4-17.7

Manometers required for random measurement, 
such as primary flow, shall have scales, riders, and
verniers so that they may be read to 0.01 in. (0.25 mm).
For less random, scales should be readable to 0.05 in.
(1.25 mm). Before initial usage, U-tubes shall be checked
against standard scales to detect and record corrections
to apply to the scales, riders, and verniers. Reservoir-
type manometers for random measurement shall be 
calibrated to detect and record the effects of capillarity
and the compensated scale; their zero shall be checked
carefully, with piping isolated, using valving arranged
similar to that shown on Fig. 4-14(b) with the equaliz-
ing valves open.

4-17.8

The tubes of all manometers should have an inside
bore of not less than 7/16 in. (11 mm) for subatmospheric
pressure or flow nozzle differentials and not less than
l/4 in. (6 mm) for other pressures. The larger the bore,
the smaller will be the correction for capillarity. In-
creased sensitivity may be obtained by gently tapping
the manometer tubing during each observation.

4-17.9

If mercury is used in manometers, it shall be instru-
ment grade having less than one part per million of 
nonvolatile residue. For precautions when mercury is
used, refer to para. 4-1.4.

4-17.10

When a doubt arises as to the purity of the mercury
in the manometer, new instrument grade mercury shall
be substituted.

4-17.11

Barometric transducers of 0.01 in. (0.25 mm) mercury
resolution or random aneroid barometers may be used
to obtain barometer readings to which manometers are
to be referred. The barometers should be located in the
same room at the same elevation as that of the manome-
ters being used to measure pressures.

Barometer readings are to be corrected for difference
in elevation, if any, between the barometer and any of
the pressure reading devices that are to be referred to
it. This correction shall be subtracted (added) at the rate

of 0.01 in. Hg per 100 ft (2.5 mm Hg per 30 m) of ele-
vation of the device above (below) the barometer.

A laboratory or weather station of recognized stand-
ing may be used to obtain the readings with agreement
of the parties of the test.

4-17.12

Barometers and manometers may require a correction
for capillary depression of the mercury. In some cases,
the scale of mercury-in-glass-type barometers are set to
correct for this, and no capillary correction need be 
applied.

4-17.13

Random aneroid barometers or barometric trans-
ducers with a minimum of 0.01 in. (0.25 mm) mercury
resolution are permissible for measurements of baro-
metric pressure. Prior to usage, these types of instru-
ments should be calibrated using a large bore mercury-
in-glass barometer over an extended period of time to
establish calibration corrections and repeatability of the
instrument. Before and after test calibrations are also 
required. Transducers used for barometric pressure
measurements should be of the type with raised zero
and closely compressed range.

4-17.14

The barometer shall be checked by comparison before
and after the test to a barometer reading at a laboratory
or weather bureau station of recognized standing and
corrected to the same elevation.

4-17.15

Transducers of suitable accuracy, such as those de-
scribed in para. 4-17.1(c), may be used for exhaust-
pressure measurement.

4-17.16

Tightness of piping to transducers or exhaust-
pressure gages and manometers shall be checked by in-
stalling a valve immediately adjacent to the exhaust cas-
ing or conduit. The piping and valve should be so
arranged to avoid a pocket, with the valve stuffing box,
if any, exposed to the pressure in the gage side of the
piping when the valve is closed. At intervals during the
test or between tests, with full vacuum on the piping,
this valve is to be closed. If the reading falls at a rate not
greater than 1/4 in. (6 mm) in 5 mins, the gage piping
may be deemed to be satisfactorily tight.

4-17.17

For measurement arrangements utilizing air-filled
sensing lines, the low-pressure connecting piping shall
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be arranged by the most direct route, pitch continuously
downward from the gage to the source of pressure, and
be without loops or pockets of any kind. This is required
to permit condensation in the sensing lines to drain back
to the source of pressure.

For low-pressure measurement systems using water-
filled sensing lines, the connection of the measuring de-
vice should be at the same elevation or below the pres-
sure tap to help prevent partial loss of the water leg in
the sensing lines (refer to Figs. 4-19 and 4-20).

4-17.18

Precautions shall be taken that the manometer leg
subject to atmospheric pressure cannot be influenced by
any local atmospheric condition that would be different
from that to which the barometer is subjected. Ventilat-
ing and draft fans can produce measurable differences
in atmospheric pressure. There may be cases where it is
necessary to pipe the atmospheric leg of the manome-
ter to an area unaffected by a fan.

4-17.19

Precautions shall be taken to ensure that both legs of a
manometer are subjected to the same ambient tempera-
ture and that the fluid within a manometer or barometer
is at the same temperature as the thermometer by which
the fluid temperature is to be measured. Each of these in-
struments, together with its corresponding thermome-
ters, shall be set up in-place and subjected to the tem-

perature conditions that exist at that location not less than
3 hr before a test is commenced.

4-17.20

For measurement of small differential pressures, such
as for sensors in piping utilizing impact and static taps,
special manometer fluids with a specific gravity ap-
proaching that of water should be used. Precautions
should be taken that the manometer gasketing is com-
patible with the fluid and if the sensor is in a vacuum
location, the fluid, must be suitable for vacuum service.
Manometers used for this type of service must have air-
filled sensing lines using small rate of air flow (0.5 to 2
cubic ft per hour) (4.9 � 10�3 to 19.6 � 10�3 m3/s) to
keep steam from condensing in the sensing lines. To
minimize blowing over the manometer fluid and for
zero checking the manometer, a three-way valve should
be used in the P1 (high pressure) and P2 (low pressure)
connections to the manometer.

4-17.21 Pressure Taps and Connecting Piping

Proper locations for all pressure taps must be selected
to promote accurate and reliable measurements of pres-
sure. Pressure taps at the turbine end of an extraction pipe
must be as close to the turbine connection as practical but
far enough away to minimize the flow disturbances on
pressure readings. Therefore, pressure taps should not be
installed in the extraction nozzle. If the pressure mea-
sured at the heater end of the extraction pipe is to be used
for computing heater terminal temperature difference, for
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Fig. 4-19 Connection Between Pressure Source and Manometer Air-Filled Connection

GENERAL NOTES: 
(a) Bleeder hole must be uncovered and then covered tightly immediately before reading manometer.
(b) Leave bleeder uncovered when vacuum is decreasing and manometer is not in use.

0.030 in. bleeder hole

Less than
 atmosphere

Above
 atmosphere

Pressure tap

Transparent
 tubing 1/2 in.

Precision manometer

Metered air bleed
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heater guarantee purposes, the pressure must be mea-
sured at the heater nozzle. Source connections in the IP-
LP turbine crossover pipe or the LP turbine inlet serve as
a common point for IP and LP turbine efficiency deter-
minations. The best location is in a straight section as re-
mote from the IP turbine exhaust as practicable to mini-
mize the effect of stratification. All pressure taps should
be installed in a straight run of pipe as remote as possi-
ble from upstream elbows or obstructions.

The amount of error caused by the pressure tap is a
function of fluid velocity, type of fluid (compressible or
incompressible), tap diameter, and configuration of the
tap hole at the pipe wall. The total amount of error is
generally small in steam turbine cycles because the ve-
locity pressure component is small compared to the
static pressure, and the error is on the order of 1% of
the velocity pressure. Holes for measuring such pres-
sures shall be drilled at right angles to the surface of the
wall adjacent to the fluid. The hole diameter shall be no
smaller than 1/4 in. (6 mm) and no larger than 1/2 in. (13
mm). The inner rim of the hole shall be free of burrs,
leaving its edges sharp and square, or with a radius no
greater than 0.06 times the hole diameter. For a length
of at least twice its diameter, the hole shall be straight
and of uniform bore.

4-17.22 Connecting Piping

Connecting piping shall be not less than 3/8 in. (10 mm)
inside diameter, and 1/2 in. (13 mm) nominal outside di-
ameter, or equivalent tubing. The connecting piping or
tubing shall slope continuously from the level of the pres-
sure tap to the level of the transducer or gage, so as to
prevent air or water pockets; however, a water-loop seal
may be used when the pressure measuring device must
be located at a level above that of the pressure tap.

4-17.23 Air Bleeds

For pressures which are below atmospheric pressure,
the connecting piping shall contain means for bleeding air
or other gas near the manometer, through which a very
small rate of air flow may be metered for purging. Purg-
ing should be discontinued when readings are being taken
if the purge flow affects the reading. This can be deter-
mined by comparing the readings with and without the
air bleed. Such purging may be used for any higher pres-
sure connections for which a suitable uniform source of
air or other gas under pressure is available (see Fig. 4-19).

4-17.24

For any pressure instrument operating above atmo-
spheric pressure, whose connecting piping is not
purged, the piping shall include

(a) reservoirs or long level sections of the connection
near the turbine or steam pipe

(b) suitable valves and nipples for flushing and vent-
ing the connections

4-17.25

Pulsations of pressure shall not be damped by throt-
tling or by the use of commercial dampeners.

4-17.26

Deadweight gages and manometers with water-filled
connections are to be connected in accordance with Figs.
4-19 and 4-20. The water column correction in psi is the
product of 0.03612 and the height of column inches or,
in kPa, 0.9175 and the height of the column in millime-
ters, with the appropriate algebraic sign and with tem-
perature correction from 32°F (0°C).

4-17.27 Initial Pressure Measurement

Initial steam pressure shall be measured in the main
steam line at or near the upstream boundary of the tur-
bine supplier’s scope.

4-17.28

The steam strainer shall be known to be clean. If there
is a doubt about its cleanliness on the part of either of
the parties to the test, it shall be examined prior to the
test and cleaned, if necessary.

Fig. 4-20 Connection Between Pressure Source
and Transducer/Water-Filled Connection

GENERAL NOTE: Caution must be exercised to ensure water fills con-
necting line completely.

NOTE:
(1) Horizontal run must be level within 1/8 in. 

Air vent

Transparent tubing 1/2 in.

Transparent tubing 1/2 in.

See Note (1)

Air vent

Blowdown
valve

Transducer

CASE 1. Transducer below
               pressure tap

For Measuring Pressure Above Atmosphere
and Less Than 35 psia (240 kPa)

CASE 2. Transducer above
               pressure tap

See Note (1)
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4-17.29 Exhaust Pressure Measurement

The exhaust static pressure of a condensing turbine is
to be measured at, or on either side of and adjacent to,
the exhaust joint. Special locations of demonstrable ac-
curacy may be used when agreed upon by the parties
to the test, but in no case shall there be fewer than two
such location, per exhaust annulus. When the test re-
sults are not available to determine the proper location,
it is recommended that one pressure location be used
for each 16 ft2 (1.5 m2) of free area at the joint but in no
case more than eight for each exhaust annulus. The pres-
sure to be considered is the average of all of them. A
discrepancy in excess of 0.1 in. (2.5 mm) Hg between si-
multaneous readings is to be cause for investigation.
Larger exhaust areas are commonly subject to spatial
variations exceeding 0.1 in. (2.5 mm) Hg.

4-17.30

The exhaust joint shall be the junction where the tur-
bine exhaust is attached to the flange of an expansion
joint or a condenser or welded to the condenser neck.

4-17.31 Absolute Pressure Gages

Differential pressure transducers with limited span or
absolute pressure transducers shall be used. If differen-
tial pressure gages are used for measuring low absolute
pressures, they must be referenced to a vacuum of 
30 � of mercury or fewer. Alternatively, manometers of
the type known as absolute pressure gages may be used.
Transducers or absolute pressure gages shall be com-
pared with a manometer and barometer of known ac-
curacy, as specified in the following paragraph, immedi-
ately before and after each test run. Errors found in
excess of 0.01 in. (0.25 mm) shall require investigation,
and the discrepancy shall be eliminated. If a discrepancy
in excess of the above limit is found between a manome-
ter-and-barometer combination and the transducer or
the absolute pressure gage, it shall not be assumed that
the error is in these instruments; both they and the
barometer shall be the subject of investigation.

4-17.32 Manometers

Manometers may also be used. The tubing shall be
not fewer than 7/16 in. (11 mm) bore at the point where
measurements are made. All the precautions required
for low-pressure measurements shall be employed. The
manometers shall have scales, riders, and verniers so
that they may be read to within 0.01 in. (0.25 mm). The
scales of manometers shall be calibrated so that they
may be correctly read to within 0.01 in. (0.25 mm).

For low-pressure measurements, the manometer
must be scrupulously cleaned before the indicating fluid
is introduced. Tubing may be dried by rinsing with al-
cohol or heating.

4-17.33

For small exhaust conduits, requiring not more than
four gages, where the walls are straight in the direction
of flow and flow is likely to be uniform, all of the pres-
sure connections may be located in the walls of the con-
duit. Such connections shall be made in conformity
with para. 4-17.21, except that the hole diameter at 
the open end shall be 3/8 in. (10 mm). The other end of
the hole may be of any size suitable for the pipe con-
nection.

4-17.34

Where the above conditions do not exist, the pressure
connections should be carried into the interior of the
conduit and provided with basket tips or guide plates.
Basket tips are preferred. If the exhaust is provided with
ribs or braces traversing the steam space, some of the
gage piping connections may pass through them with
the opening flush and normal to the surface of the rib.
The terminals of exhaust-pressure-gage connections
shall be distributed over the entire exhaust-conduit area
and located so that they will be centered, as closely as
practicable, in equal areas. The basket tips should be in-
stalled at a 45 deg angle, as shown in Fig. 4-21.

Alternatively, guide plates may be used and should
be arranged so that the steam flow is perpendicular to
the pressure tap as shown in Fig. 4-22.

Careful attention must be given to the location of bas-
ket tips and guide plates because pressures at certain
points at the exhaust joint may be influenced by local
high steam velocities.

4-17.35

Upon agreement by the parties to the test, special
pressure taps of demonstrated accuracy may be em-
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801/16 in. holes
1/4 in. pitch

4 
1 / 2 

in.

3 i
n.

5 / 8 
in.

1 / 2 
in.

5 in. dia.

Screen (stainless steel)
No. 7 mesh 0.063 in diam. wire

Alternatives
No. 6 mesh 0.072 in. diam. wire
No. 8 mesh 0.054 in. diam. wire

3/4 in. extra heavy pipe
(stainless steel)

Flow

45 deg

Fig. 4-21 Basket Tip
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ployed provided they are completely described in the
test report.

4-17.36 Absolute Pressure Determination

Measured pressures shall be corrected by the follow-
ing, as applicable:

(a) the instrument reading, using the proper conver-
sion factors for the measuring fluid (refer to PTC 19.5)

(b) the negative correction for manometer tempera-
tures to 32°F (0°C)

(c) the instrument correction, including any scale cor-
rection required

(d) the gravity correction, correcting the reading to
the value that would be obtained if gravity at the loca-
tion of the instrument had the International Standard
value of 32.174 ft/sec2 (9.80665 m/s2)

(e) the water-leg correction
(f ) the measured barometric pressure, including the

correction to the elevation of the gage

NOTE: For additional information concerning conversion of pres-
sure units, see para. 2-5 of this Code and PTC 2, Definitions and
Values.

4-18 MEASUREMENT OF TEMPERATURE

4-18.1 Acceptable Systems

Acceptable temperature test measurement systems
shall meet a design and calibration criterion consistent
with the following. Careful consideration must be given
to the selection, installation, use, and interpretation of
the temperature measuring system. Direction as to
proper application of various systems can be found in
the Instrument and Apparatus Supplement, Part 3,
“Temperature Measurement,” PTC 19.3. Any system
that can meet the requirement of repeatability in its cal-
ibration and is proved accurate within the limits defined
for the particular temperature measurement shall be
deemed acceptable by the parties conducting the test.
Accuracy is further discussed in para. 4-18.4 and re-
peatability of calibration in para. 4-18.7. PTC 6 Report,
Guidance for Evaluation of Measurement Uncertainty

in Performance Tests of Steam Turbines, does provide
several tables which may offer some guidance. In gen-
eral, Code-recommended temperature measurement
systems have an uncertainty of �1°F (0.5 K).

4-18.2 Recommended Systems

Recommended temperature measurement systems
which have wide acceptance are generally defined as

(a) suitable platinum resistance-type thermometers,
including proper leads calibrated and used in conjunc-
tion with random-bridge (0.03% accuracy) measuring
instruments.

(b) suitable thermocouples with continuous thermo-
couple wires and integral cold junctions calibrated and
used in conjunction with a random high-quality digital
voltmeter (�0.03% uncertainty or better). When using
digital voltmeters, proper guarding procedures shall be
followed to minimize errors introduced by noise.

(c) calibrated thermocouples or random thermome-
ters with an uncertainty not exceeding �0.5°F (0.3 K)
for cold junction ambient temperature reference mea-
surements.

4-18.3 Locations

Location of temperature measurement sensors for en-
thalpy determinations shall be as close as practicable to
the points at which the corresponding pressures are
measured. Thermowells should be located downstream
of the pressure taps or, if upstream, not in the same lon-
gitudinal plane. Temperature differences caused by
flow stratification shall be minimized by locating the
temperature sensor sufficiently downstream of an el-
bow, or an extraction nozzle, to allow mixing of the
stratified flow before the measurement point.

Thermocouple and lead wires should not be run in
the same cable trays as power lines to avoid sources of
high electric fields. PTC 19.22 provides further guid-
ance. Thermocouple lead wires shall not be subjected to
large temperature gradients. Wire nonhomogeneities in
the region of large temperature gradients can cause un-
acceptable measurement errors.

Hole shall be made in
accordance with
para. 4.84 except
diam. is 3/8 in.

Connecting plate

Flow

1 in.

12 in.

12 in.

6 in.

6 in.

1/4 in.1/4 in.

Fig. 4-22 Guide Plate
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4-18.4 Influential Temperatures

Temperatures which have the most influence on test
results shall each be taken at two different points in close
proximity but not in the same thermowell. Thermowells
must be installed within 4 pipe diameters and may be
in line, axially, if installed at least 2 pipe diameters apart.
If installed within 2 pipe diameters, the thermowells
must be at least 45 deg apart measured circumferen-
tially. The mean of the two readings shall be considered
the temperature of the fluid. Discrepancies between the
two readings must be resolved if these exceed 1°F (0.5
K). The recommended locations for these temperature
measurements are shown on the test instrumentation di-
agrams of Figs. 4-11(a) through (e). The use of dual
thermocouple elements does not satisfy Code require-
ments of critical temperature measurements at two dif-
ferent points.

4-18.5 Wells

Thermowells shall be installed in conformity with the
ASME Boiler and Pressure Vessel or Piping Codes. Stan-
dards for thermowells are given in PTC 19.3. Generally

(a) Tubes and wells shall be as thin as possible, con-
sistent with safe stress and other ASME code require-
ments, and the inner diameters of the wells shall be clean
and dry and free from corrosion or oxide.

(b) The temperature-sensitive element shall fit closely
in the well, being held firmly against the bottom.

(c) Thermowells, and any extensions, shall be care-
fully covered with an insulating material to reduce air
circulation and conduction of heat away from the tip.

(d) Unless limited by design considerations, the tem-
perature-sensitive element shall be immersed in the
fluid at least 3 in. (75 mm) but not less than one-quar-
ter of the pipe diameter. In pipes of less than 4 in. (100
mm) diameter, the element must be arranged axially in
the pipe, by inserting it in an elbow or tee. If such fit-
tings are not available, the piping shall be modified to
render this possible.

(e) In measuring the temperature of flowing media,
the heat-receiving part of the apparatus shall not be in
a dead space.

4-18.6 Cold Junctions

The temperature of cold junctions shall be measured
accurately. The accuracy with which the temperature of
the measuring junction is measured can be no greater
than the accuracy with which the temperature of the
cold junction is known. The cold junction temperature
shall be held at the ice-point or stable temperature of an
isothermal reference. When thermocouple cold junc-
tions are immersed in a water-ice bath, the bulb of a ran-
dom thermometer shall be immersed at the same level
as the cold junctions and in contact with them. Any de-
viation from the ice-point shall be promptly corrected.

Each cold junction shall be electrically insulated. When
the isothermal-cold-junction reference method is used,
it shall employ an accurate temperature measurement
of the reference heat sink acceptable to the parties con-
ducting the test.

Appropriate conversions for the isothermal cold junc-
tion temperature shall be used.

When electronically controlled reference junctions are
used, they shall have the ability to control the reference
temperature to within �0.05°F (0.03 K). Particular at-
tention must be paid to reference junctions using ter-
minals, since wire mismatching can introduce errors.

Particular attention must be paid to the terminals of
any referenced junction, since errors can be introduced
by temperature variation, material properties, etc. By
calibration, the overall reference system shall be veri-
fied to have an uncertainty of less than �0.2°F (0.1 K).
Isothermal thermocouple reference blocks furnished as
part of digital systems may be used for turbine tests run
in accordance with the Code, provided the accuracy is
equivalent to the electronic reference junction.

4-18.7 Calibration

Calibration of thermocouples and resistance ther-
mometers shall be made before and after the test. If the
calibrations differ by more than 2°F (1 K), the tempera-
ture measurement shall be in doubt, and resolution of
the difference by the parties to the test shall be made,
taking into consideration the effect on overall test accu-
racy. During the calibration of any thermocouple, its
cold junction shall be held at the ice-point with an elec-
tronic reference junction, isothermal reference junction,
or in a water-ice bath. The calibration shall be made by
an acceptable method, with the standard being traceable
to a recognized national standards laboratory, such as
the National Institute of Standards and Technology. Ac-
ceptable calibration methods are to be conducted over
the temperature range in which the instrument is to be
used by one of the following procedures:

(a) By comparison with freezing-point baths of wa-
ter, or of certified samples of metals with suitable melt-
ing points, such as tin, lead, and zinc. The temperature
in the bath shall be read on a standard platinum resis-
tance thermometer during the calibration to detect and
reject a contaminated bath or an improper method.

(b) By comparison with condensing-point baths of
certified samples of substances with suitable boiling
points, such as water and sulfur. The temperature in the
bath shall be read on a standard platinum resistance
thermometer during the calibration to detect and reject
a contaminated bath or an improper method. The baro-
metric pressure at the bath must be read, since boiling
temperatures vary with atmospheric pressure.

(c) At intermediate or extreme temperatures, by com-
parison with a standardized platinum resistance ther-
mometer in a controlled-temperature copper block or
other suitable source of uniform temperature.
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4-18.8 Handling of Equipment

Random test equipment, such as thermocouples and
resistance thermometers and their potentiometers, bridges,
galvanometers, or other measuring instruments and
electronic reference junctions, must be carefully han-
dled, maintained, and periodically checked for unifor-
mity and stability. The potentiometers, together with
their standard cells and electronic reference junctions
shall be set up in position not less than 3 hr before a test
is started for subjection to the prevailing ambient tem-
perature and stabilizing the standard cells.

4-19 METHODS OF DETERMINING 
STEAM QUALITY

Steam quality cannot be measured directly. It can be
determined from pressure and enthalpy. The following
methods may be used, as applicable, to determine steam
quality.

(a) tracer technique, radioactive or nonradioactive
(for throttle and extraction steam)

(b) heater drain flow measurement and heat balance
(extraction steam only)

(c) throttling calorimeter (throttle steam only)
Selection of one of these methods for determining

steam quality must be based on the conditions of the
steam-supply system under consideration, since each
method has limitations that govern its use.

4-19.1 Tracer Technique

4-19.1.1 Method. Both radioactive and nonra-
dioactive tracers have been used for determining steam
quality of throttle and extraction steam of steam turbines
operating predominantly within the moisture region
with nuclear steam supply systems. A description of the
tracer technique is included in the following para-
graphs.

Steam sampling, with respect to the type of probe, its
location, and method of withdrawing the sample, shall
be performed in accordance with the ASTM “Method of
Sampling Steam,” D 1066. Inherent limitations in the
probe-sample techniques may make it difficult to obtain
a representative steam line sample (also see PTC 19.11,
Fans). The tracer technique has the advantage that it does
not require a representative sample of the water-steam
mixture. Only a sample of the water phase is required.

The radioactive technique utilizes sodium 24 as the
tracer. The principle of this technique is that the sodium
salt is distributed by a large ratio (on the order of 107:1)
into the liquid phase. Thus, by injecting a known con-
centration of radioactive salt at a known rate, sampling
downstream from the injection point, and measuring the
concentration of sodium in the liquid phase, it is possi-
ble to calculate the flow rate of the liquid phase. The en-
thalpy of the wet steam is determined from this mea-
surement of water phase and extraction steam flows,

which is calculated from an energy balance around the
feedwater heater.

Since the previous edition of the Code was issued, im-
provements have been made in developing a nonra-
dioactive tracer that would overcome inherent limita-
tions with radioactive tracers and be suitable for use in
nuclear power plants having PWR or BWR nuclear
steam supply systems. These limitations include a 15 hr
half-life for sodium 24, as well as the need for relatively
complex handling and analysis procedures.

Sodium, lithium, and potassium salts have all been
used as a nonradioactive tracer, depending on the spe-
cific type of reactor configuration and known elemental
chemical background of the feedwater. In order to
achieve sufficient accuracy utilizing the nonradioactive
technique, proper selection and calibration of the injec-
tion and detection equipment are essential. (Reference
“On-Line Measurement of Feedwater Flow and Steam
Generator Moisture carry over using Chemical Tracers,”
ANS-ASME topical meeting April 1988).

4-19.1.2 Implementation. Successful use of the
tracer technique requires the use of highly accurate in-
strumentation for measuring mass and concentration of
tracer used. Also very important is the achievement of
good mixing of tracer injected into flow paths, so as to
obtain a homogenous sample from a downstream tap.

The use of a spray nozzle or tube to get the injected
tracer into the interior of the pipe and away from the
wall will promote more thorough mixing. Good mixing
is also a function of distance between injection and sam-
ple points. The maximum distance available should be
used. In some situations, the available distance may be
inadequate for sufficiently accurate determination.

For an extensive description of the tracer technique,
including tracer requirements, design of inspection and
sampling systems, radioactivity measurements, and
computations, refer to PTC 19.5, which deals with mea-
surement of water flow rates with tracers.

An outline of various uses for steam quality determi-
nation is included below.

Delay time, the time of transit of the tracer from the in-
jection device to process tap to sample collection device,
must be accounted. Therefore, measure the time of sam-
pling, injection, and counting to the nearest minute.

4-19.1.3 Condensing Method. An appropriate
tracer, dissolved in the water-phase of wet steam at con-
centration Cw, will be diluted by condensation of vapor.
After the steam is totally condensed, the tracer concen-
tration in the condenser will be Cc. The concentrations
are related by the balance.

Cww � Ccwc

where
w � amount of water in wet steam

wc � amount of condensate from wet steam

With the tracer concentrations known from test mea-
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this is only single-phase flow. Sampling water out of the
extraction line requires the same precautions as the case
of the injection method.

4-19.1.6 Constant Rate Injection Method. A water
soluble tracer of concentration Cinj is injected at a con-
stant rate wini into the vapor-water flow where mois-
ture is to be measured. The concentration Cw is mea-
sured in the water phase downstream of the injection
point after adequate mixing has taken place. For this
condition, the following material balance can be written:

Cow � winjCinj � (w � winj � �w)Cw

or

w �

where
w � mass flow rate of water in vapor-water mix-

ture
Co � initial concentration in the water phase at the

sampling points, before injection starts, due
to natural amounts of tracer (background
concentration)

�w � change in water flow (condensation of vapor
due to injection of the cold-tracer solution)

Normally Cw �� Cinj, Co �� Cw, and �w �� wso that the
above equation is reduced to

w � winj (Cinj/Cw)

which gives the mass flow rate of water in the vapor-
water mixture at the sampling point.

4-19.1.7 Extraction Enthalpy by Constant Rate Injec-

tion Method. If the flow rate of the water phase in the
extraction line to a feedwater heater is known, wet-
steam enthalpy can be calculated by energy balance
around the heater, as shown in “Sample Calculations,”
PTC 6A, a separate publication of PTC Committee No.
6. The water flow rate can be measured with the con-
stant-rate injection method. Measuring flow rate and
concentration of the tracer solution and maintaining a
constant injection rate is comparatively simple. How-
ever, the tracer concentration in the water-phase down-
stream of the point of injection can be accurately deter-
mined only if the tracer is well mixed and a sample of
the liquid-phase can be obtained.

(a) Injection Points. For the sample to be truly repre-
sentative, the tracer must be homogeneously distributed
in the water phase. The injection point should, there-
fore, be located immediately downstream of the extrac-
tion flange of the turbine, and the sampling point should
be close to the heater. A long run of pipe with several
elbows will promote mixing. Use of a spray nozzle for
injecting assures better mixing and is recommended.

(b) Sampling Points. Since any condensed vapor in the
sample will falsify the result, care must be taken in se-
lecting the location of the sampling tap. At the conditions

winj(Cinj � Cw) � �wCw





Cw � Co
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surements before and after condensation, steam wetness
fraction (moisture) is represented by the ratio:

M � w/wc � Cc/Cw

4-19.1.4 Throttle Steam Quality. Throttle steam
quality can be calculated from the quality and pressure
of the steam leaving the steam generator and throttle-
steam pressure, using a constant-enthalpy process, since
thermal radiation losses from the connecting steam pip-
ing are generally negligible. The moisture in the steam
leaving the steam generator is the result of water 
carryover. Thus, a tracer present in the steam generator
water will also be found in the steam leaving the steam
generator. In nonreheat cycles, the tracer will finally be
diluted in the total flow going back to the steam gener-
ator. By the application of the condensing method,
steam generator exit moisture can be evaluated using
the second equation from para. 4-19.1.3.

In the case of reheat cycles, the error in throttle steam
moisture determination caused by plating out of the
tracer in the reheaters is negligible because the external
moisture-separator effectiveness is essentially 100%.
However, there is always the possibility of measuring
the moisture carryover of the steam generator during
special tests with the reheaters out of service.

There are two methods of determining Cw, the tracer
concentration at the water-steam interface or in the
carryover moisture. For steam interface with upper-
shell sample taps, this concentration may be measured
directly based on a sample taken from these taps. For
steam generators without upper-shell-sample taps, Cw

is determined from a blowdown sample, which is cor-
rected for concentrating effects through the tube bundle
as shown in Figs. 4-23 and 4-24. Determination of the
concentration in the total flow, Cc, depends on the
arrangement of feedwater heaters. On cycles with cas-
cading heaters, total flow usually exists at the discharge
of the condensate pumps. On other cycles, if the de-
mineralizers are bypassed during the test, Cc will be the
tracer concentration in the final feedwater. In all cases,
effects such as external-tracer sources feeding into the
cycle or losses of tracer, caused by demineralizers, must
be taken into account.

4-19.1.5 Extraction Enthalpy by Condensing Method.

The condensing method may also be used to determine
wet extraction steam enthalpy. This method is particu-
larly attractive if a suitable tracer is already present in
the steam path. However, error analysis shows that ac-
curate results can be obtained only on heaters without
cascading drains.

With this method extraction, enthalpy is evaluated
from an energy balance and a tracer balance around the
heaters. For the tracer balance, the concentrations of the
tracer in all flows to and from the shell side of each
heater are needed. Sampling the heater drains for con-
centration measurement of the tracer is fairly easy, as
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and velocities normally found in extraction lines, the 
water is not homogeneously distributed over the cross-
section but is concentrated toward the pipe wall. This is
a favorable distribution for water sampling; therefore, a
simple wall tap should prove satisfactory. However, ad-
vantage should be taken of gravitational or centrifugal
forces by locating the tap on the bottom side of the pipe
or outer radius at the exit of an elbow, care being taken
to avoid deadflow regions. All moisture removal points
or other connections between the injection and sampling
points shall be isolated while taking tracer data. Fig. 4-25
shows a typical installation of injection and sampling
points. In cases where the extraction line is very short,
such as with heaters installed in condenser necks, there
is insufficient length of pipe for good mixing, and this
method should not be attempted.

In such cases, it is recommended that the water sam-
ple be taken from the heater drains. Also, in cycles with
pumped-ahead drains, the above method will yield ac-
curacy equal to the injection method without any addi-
tional instrumentation. In cycles with drains cascading
to the condenser, the upstream drains must be diverted
directly to the condenser so as to accommodate total cas-
cade flow at full load. The diversion method should be
employed prior to the heat rate test.

(c) Sampling Flow Rates. The sampling flow rate must
be adjusted so that entrainment and subsequent con-
densation of vapor is prevented. The maximum allow-
able sampling rate can be determined, for example, by
analyzing the sampling stream for dissolved oxygen.
Oxygen (20 ppm to 30 ppm) is naturally present in the
steam from boiling water reactors as a result of radiol-
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wf

wms

Cw

we

Cb

main-stream flowwms �
feedwater flow under
steady state, wf � wms

wf �

recirculated flowwr �
entry flowwe �
wr � wfwe �
blowdown-tracer concentrationCb �
tracer concentration at
water-steam interface

Cw �

, (inverse of circulation ratio)R �

wr � we � wms �
wms

R
� wms � (1 � R)

wms
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Fig. 4-23 Throttle Steam Quality Calculations for Pressurized Water Reactor
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ysis. The sampling flow rate shall be determined prior
to conduct of the heat rate test. The oxygen content shall
be measured for various sampling flow rates and plot-
ted, as shown in Fig. 4-26. The flow rate at which steam
starts to entrain in the sample is evidenced by a sharp
rise in oxygen content. The validity of using oxygen or
other suitable tracer as a means of tracing the vapor frac-
tion is based on the distribution of oxygen between the
liquid and vapor phases.

At pressures fewer than 500 psia (3450 kPa), oxygen
is almost entirely in the vapor-phase.

In pressurized water reactor plants (PWR), a suitable
tracer, such as xenon 133, could be used. However, it
may be more convenient to add Na 24 and note the sam-
ple rate at which the concentration falls off, indicating
entrainment of condensed steam.

4-19.1.8 Requirements for Tracers. For these
methods to give accurate results, tracers shall meet these 
criteria.

(a) soluble in water but essentially insoluble in steam
(fewer than 0.1% at the test steam conditions)

(b) nonvolatile
(c) stable at the conditions existing in the turbine cycle
(d) not adsorbed on internal surfaces (provided that

the water is not evaporated completely)
(e) mixed completely and homogeneously with all the

water available at any instant
The choice of the tracer is determined by the criteria

mentioned in the foregoing, plus considerations of the
effects of the tracer on materials in the cycle, and pos-
sible hazards to operating personnel. The generation of
light-water reactors in use when this publication was
prepared was designed for pressure and temperature
levels that permit a number of tracers to meet these 
criteria. At higher pressure levels, it may be more diffi-
cult to meet these criteria, and other tracers may be nec-
essary.

Radioactive tracers are particularly attractive for 
application in nuclear power plants, where licensing re-
quired for possession and handling of radioactive ma-
terials presents no particular problem. Tracer concentra-
tions of fewer than one part per billion can be accurately
measured using gamma-counting techniques. For steam
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Fig. 4-24 Throttle Steam Quality Calculations for Boiling Water Reactor
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cycles with very low radioactive background, the tracer
activity concentration required for accurate testing is
very small; however, the tracer should be a short-lived
isotope to eliminate long-term contamination problems.
Since it is not practical to measure the concentration of
the samples simultaneously, it will be necessary to ap-
ply a correction to the measured concentration of each
sample to account for isotope decay. One of the tracers
that meets these criteria is 15 hr Sodium 24. If the tracer

technique is used to determine throttle and extraction
steam quality and heater leakage, there is some advan-
tage to using three different radioactive tracers.

4-19.2 Extraction Enthalpy by Heater Drain Flow 

and Heat Balance

The quality of steam in an extraction line can be de-
termined from a measured pressure and an enthalpy de-
rived from a heat balance around the heater. This re-
quires the measurement of the drain flows into and out
of the heater in question (see para. 4-16.7). These flows
can be measured by use of orifice plates nozzles, ven-
turis, or tracer. Care must be taken to avoid cavitation
in low-pressure heater drains (see para. 4-16.2).

4-19.3 Calorimeter Method

Observations by means of a properly constructed
calorimeter will provide the means for accurately cal-
culating the percentage moisture present in a given sam-
ple. The difficulty is that there can never be assurance
that the sample is representative of the average condi-
tion of the steam flowing in the pipe. Steam sampling,
with respect to the type of probe, its location, and
method of withdrawing the sample, shall be performed
in accordance with the ASTM “Method of Sampling
Steam,” D-1066. Inherent limitations in the probe-
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Fig. 4-25 Typical Installation of Injection and Sampling Points

GENERAL NOTE: See para. 4-19.1.7(b) for precaution concerning isolation.

Fig. 4-26 Oxygen Content of Sample
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sample technique make it extremely difficult to obtain
a representative steam line sample. Techniques for sam-
pling are described in PTC 19.11, which should be con-
sulted if calorimeters are used.

4-20 MEASUREMENT OF SPEED

4-20.1

For nonelectrical tests, or any test in which speed is
an important factor in the calculation or correction of
the test result, the speed shall be determined by means
of the following:

(a) an electronic-integrating counter that counts
pulses generated by a magnetic or photoelectric pickup
that responds to the passing of a device connected 
directly to the rotor of the turbine or driven machine, 
or by

(b) a mechanical-integrating counter directly geared
to some portion of the rotor of the turbine or driven ma-
chine

4-20.2

The electronic-integrating counter may be
(a) one that counts the revolutions for the entire pe-

riod, or
(b) one that counts for a brief period, such as an ex-

act fraction of a second, then converts this to revolutions
per minute, which is presented on a digital display un-
til it is replaced by the next second’s conversion

4-20.3

If the counter integrates the revolutions for the whole
period of the test, the average speed shall be determined
from the total number of revolutions of the test period.
The time of the counter observation at the beginning and
end of the test shall be correct within 1 sec. The counter
reading at uniform intervals of time shall be recorded
with the corresponding speed in order to make certain
that the initial and final values are proper and direct-
reading device is not in gross error.

4-20.4

If the counter integrates the revolutions for short pe-
riods and converts them to a display of revolutions per
minute, the average speed shall be calculated as the av-
erage of readings of the display at uniform intervals
throughout the test period.

4-20.5

In addition to a counter that integrates for the entire test
period, a direct-reading, speed-measuring device shall be
employed in order to ascertain that the speed is main-
tained during the tests within the limits in Table 3-1.

4-21 MEASUREMENT OF TIME

4-21.1

The time of test periods and other observations may
be determined by the following:

(a) signals from a quartz digital clock, which has been
sychronized with a master time signal if the tests require
starting or stopping certain readings simultaneously.

(b) observations of watches by the individual ob-
servers.

4-21.2

If signals from quartz watches are employed, the 
signaling means shall be such that the signal may be 
received within 1/2 sec of the desired time. Reliable
watches or clocks shall be employed having an accuracy
with one minute per 24 hr period. Watches and clocks
shall be synchronized with each other at the start of the
test.

4-22 MEASUREMENT OF WATER LEVELS

Water levels in the condenser hotwells, storage tanks,
and other points of water accumulation necessary for
the determination of changes in system storage shall be
measured to the closest 1/4 in. (6 mm) with appropriate
linear scales.
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Section 5
Computation of Results

that departs from the locus-of-valve-points curve. A dis-
continuity in the locus curve at the primary valve point
is also possible. For an example of a turbine efficiency
calculation, see PTC 6A.

Turbine section efficiencies are easily determined and
useful in the early validation of test results. These effi-
ciencies are also important indicators of turbine per-
formance and can be used for periodic monitoring and
comparison with expected performance.

(c) Where turbine elements, operating entirely in the
superheat region, drive a measureable load, enthalpy
differences and calculated blade-path steam flows can
be used to compare the calculated output with the mea-
sured output. If test data are consistent, the output
should agree within 0.25%.

(d) The ratio of steam flow to the following stage, wfs,
to �(p/v)� at each extraction opening and the inlet to
each major turbine section may be plotted as an ordi-
nate against that flow as an abscissa. If test data are con-
sistent, this plot will approximate a horizontal straight
line.

For turbines using wet steam, the ratio wfs,/�(p/v)� in-
creases directly with moisture content, due to the drag
effect of moisture droplets in the steam. Experience
shows that this increase is best approximated by divid-
ing wfs,/�(p/v)� by (1 � M), thus:

where
fs � following stage

M � the moisture fraction at the inlet to the group
in question

5-3 TEST DATA REDUCTION

Test data must be averaged and corrected for instru-
ment calibrations, water legs, zero readings, barometric
pressure, and ambient temperature. Following this,
steam and water enthalpies can be determined and flow
rates calculated. Flow rate is proportional to the square
root of the pressure difference across a flow-measuring
device. The reduction of differential pressure data
should, therefore, be based on the average of the square
root of the various readings. Guidance on test data re-
duction is provided in PTC 19.1.

1


�1 � m�

wfs

�

P
v


�

5-1 DEVIATIONS FROM SPECIFIED 
OPERATING CONDITIONS

Performance computation for various turbine types is
described in the following paragraphs. Generally, all op-
erating conditions cannot be maintained at the specified
values. It is necessary, therefore, to correct test per-
formance for deviations from specified values, using the
methods outlined in this Section.

This will assure comparison of the results of the test
on the turbine with the specified performance on the
basis of an equivalent cycle. However, deviations in
conditions should be as small as possible to minimize
the effect of uncertainties due to the required correc-
tions (see para. 3-8.3). For the development of correc-
tion formulae and numerical examples of their appli-
cation, see Appendix A to Test Code for Steam
Turbines, PTC 6A, a separate publication of PTC Com-
mittee No. 6.

5-2 TEST RESULTS

Calculations to obtain preliminary test results should
be made concurrent with the testing. This provides an
opportunity for early examinations of the test data and
discovery of observer errors, instrument errors or fail-
ures, and other causes for repeated tests; it also deter-
mines whether the tests are consistent and acceptable
and permits test instrument removal with the confi-
dence that no further tests are required. The following
checks are recommended:

(a) a water-balance calculation.
(b) a plot of overall efficiency versus the ratio of first-

stage to throttle pressure, or flow, for each major tur-
bine section whose inlet and outlet steam is super-
heated. “Overall efficiency” refers to the ratio of the
measured to the isentropically available enthalpy dif-
ference between inlet and outlet pressures. For consis-
tent steam temperature measurements, a smooth curve
with all points within 0.25% of the curve will result for
the following cases:

(1) high-pressure turbine tested at valve points
(2) high-pressure turbine tested with constant arc

of admission and variable throttle pressure
(3) intermediate pressure turbine test (this turbine

has constant arc admission)
If the high-pressure turbine is tested at valve and in-

termediate points, the latter will form a valve loop curve
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5-4 THROTTLE-STEAM FLOW

5-4.1 Test Throttle Flow

Test turbine throttle flow is determined by combin-
ing the measured primary flow with the appropriate ex-
traction, leakage, makeup, and gland sealing steam
flows and correcting for the effects of applicable water
level changes in cycle storage vessels.

5-4.2 Corrected Test Throttle Flow

When a corrected turbine throttle flow is required, the
following equation shall be used:

ws � wt�

p
p

s

tv
v

s

t
�
This is the flow that would pass through the throttle

with the same turbine valve setting but with the speci-
fied throttle conditions.

For throttles using superheated steam, throttle flow
must be corrected to the specified pressure and tem-
perature. For turbines using wet steam, throttle-steam
flow must be corrected to the specified pressure and
quality.

5-5 CAPABILITY

When a turbine is tested for capability of maximum
output, it is essential that the valve mechanism be in
proper adjustment to obtain full opening of all steam
admission valves. The measured output must be cor-
rected for deviations from the specified operating condi-
tions by means of the methods described in the follow-
ing paragraphs. For regenerative turbines, this includes
corrections for deviations from the specified cycle.

5-6 STEAM RATE

Steam rate is the usual measure of performance for
turbines operating at only one inlet pressure and tem-
perature and discharging all flow at another pressure.
Steam rate is expressed in Ibm/kWhr (kg/kWh) or
Ibm/hp-hr and numerically equals w1/P.

5-6.1 Corrections to Steam Rate

For a given turbine-valve setting, steam rate is cor-
rected to specified operating condition by the following
procedure:

(a) Correct the measured generator output for devia-
tion from specified values of power factor and hydro-
gen pressure. Values from appropriate correction curves
should be used.

(b) Determine the steam rate, which is the test throt-
tle steam flow divided by the corrected generator out-
put of item (a) above.

(c) Correct the steam rate for deviations from speci-
fied values of throttle pressure and temperature, ex-

haust pressure, and speed. Values from appropriate cor-
rection curves should be used.

(d) Correct the steam flow to specified throttle con-
ditions for the test turbine valve setting, as described in
para. 5-4.2.

(e) To evaluate test results, a plot of corrected steam
rate versus corrected load can be compared with speci-
fied performance. This load equals the corrected throt-
tle flow, w, divided by the corrected steam rate.

5-7 HEAT RATE

This is the flow that would pass through the throttle
with the same turbine valve setting but with the speci-
fied throttle conditions.

5-7.1

For turbines operating in a regenerative or reheating
cycle, steam rate is inappropriate as a measure of per-
formance. The performance shall be expressed as a heat
rate. The basic definition for heat rate is:

Heat rate �

“Net heat to the cycle” is the algebraic sum of all 
incoming and outgoing heat flows from the steam gen-
erator.

5-7.2

In addition to the heat supplied by the steam gener-
ator, additional heat may enter the turbine cycle from
pumps in the feedwater circuit between the condenser
and final feedwater. This heat is equivalent to the theo-
retical work of compression plus the internal losses of
the pumps. This additional heat input results from
power for the pumps supplied from external sources,
the main shaft, or separate steam turbines. In deter-
mining the performance of this turbine, the heat input
and power required must be considered.

5-7.3

Some installations use desuperheating water (sprays
or heat exchangers) to control the throttle steam tem-
perature. The enthalpy of the desuperheating water may
differ from that of the feedwater leaving the highest
pressure heater if the desuperheating water was taken
from the feedwater heating circuit upstream of the final
feedwater heater. This reduction in feedwater flow
through the remaining feedwater heaters must be taken
into account.

5-7.4

When desuperheating water is used to control the re-
heat steam temperature of a reheat turbine, the effect on

Net heat to the cycle





Output
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the turbine cycle performance must be taken into ac-
count. Steam resulting from the desuperheating water
injected into the cold reheat steam line will enter the tur-
bine at the pressure in the reheater and generate addi-
tional power, although at a lower level of cycle efficiency
than that for steam entering the throttle. This will lower
the overall performance of the turbine cycle and must
be taken into consideration.

5-7.5

It is impractical to describe in this Code all the possi-
ble variations in turbine cycles. The calculations for per-
formance must take into account specific conditions.

5-8 CORRECTION OF THE TEST RESULTS TO
SPECIFIED CONDITIONS

5-8.1

Tests shall be conducted with the smallest possible
deviation from specified conditions, in order to mini-
mize correction errors (see Table 3-1 for limits of devi-
ations). Corrections for deviations from the specified
operating conditions may conveniently be separated
into two groups, as follows.

5-8.2 Group 1 Corrections

This group includes corrections for variables pri-
marily affecting the feed heating system. For conve-
nience, corrections for generator-operating conditions
are also included.

Examples of variables included in Group 1 are
(a) feedwater heater terminal temperature
(b) differences feedwater heater drain-cooler-

approach differences
(c) extraction line pressure drops and heat losses
(d) system water storage changes
(e) feedwater enthalpy rise through condensate and

feedwater pumps
(f ) condenser-condensate temperature depression
(g) make-up feedwater flow
(h) desuperheating water used to control steam tem-

perature
(i) power factor
(j) generator voltage
(k) generator hydrogen pressure
(l) speed (effect on generator losses)
Group 1 cycle corrections can be made by heat bal-

ance calculation or application of correction curves or
tables. In the heat balance method, the test cycle may be
corrected to the specified cycle or vice versa. Correcting
the specified cycle to the test cycle requires manufac-
turer’s design data that might be proprietary or un-
available legally. This latter approach is therefore not
recommended.

Paragraphs 5-11.1 through 5-11.4 describe the correc-

tion of the test cycle to the specified cycle. In this ap-
proach, the test turbine efficiencies and test turbine shaft
and steam leakages are used with the specified cycle
conditions to calculate a “corrected test” cycle that is
comparable with the specified cycle. Examples of this
approach are presented in PTC 6A.

If correction curves or tables are used, it is recom-
mended that, where possible, they should be specific to
the test cycle. The use of correction curves may be re-
quired if the alternative procedure is used, due to the
lack of sufficient test data for making the required heat
balance calculation. Typical correction curves are pre-
sented in Section 8 of this Code.

5-8.3 Group 2 Corrections

This group includes corrections of variables primarily
affecting the turbine performance. Examples of vari-
ables included in Group 2 are

(a) turbine initial steam pressure
(b) turbine initial steam temperature
(c) turbine hot reheat steam temperature
(d) turbine initial steam quality
(e) pressure drop of steam through the reheater 

system(s)
(f ) turbine exhaust pressure
(g) speed (for mechanical drives)
(h) moisture separator effectiveness1

(i) reheater terminal temperature difference1

Corrections for the effect of Group 2 variables on heat
rate and output are made by use of appropriate correc-
tion curves or tables.

5-9 CALCULATION OF TURBINE EXHAUST 
STEAM ENTHALPY

5-9.1

Turbine efficiency as obtained from test data is de-
rived from two independent steam properties for each
of several logical turbine points. When plotted on a Mol-
lier diagram, these points form the basis of the turbine
expansion line. For superheated steam, the measured
pressure and temperature at the throttle, cold reheat, hot
reheat, and cross-over may be plotted directly. Super-
heated extraction steam is hotter than the average steam
passing through the turbine due to steam leakage
through the clearances between the stationary and ro-
tating blades. Superheated extraction state points, there-
fore, lie to the right of the expansion line. In most cases,
the turbine exhaust steam, and in some cases, extraction
steam, is not superheated. The enthalpy at these points
is then determined by a turbine energy balance.

(a) For turbines using superheated steam, the fol-
lowing iterative procedure is used:

1 Correction applied only if equipment is not provided under
the turbine contract.
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(1) The extraction steam flow to each feedwater
heater is determined by heat balance around the heater.
The steam enthalpy for extraction points in the wet re-
gion is estimated by extrapolation of the test expansion
line which is a smooth curve drawn between the LP in-
let and LP exhaust state points. For the first trial, the LP
exhaust enthalpy must be estimated.

(2) The enthalpy of the turbine exhaust steam is de-
termined by a turbine energy balance. Generally, this is:

w1h1 � w3h3 � w2h2 � wEihi � ��� � wEnhEn � w6h6

� wpLihpLi � ��� � wpLnhpLn

� K(Pg � Electrical losses, kW � Mechanical losses, kW)

where
K � a constant depending on the units of P, w, and h.

The w’s include all flows chargeable to the turbine cy-
cle. If P is in kW, w in lbm/hr, and h in Btu/lbm, then
K � 3412.14.

In the above equation, the symbol w2 refers only to the
steam flow returned to the reheater and w3 � w2 � wa2.
The value w6 can be determined by flow balance. Gener-
ator losses, determined from appropriate data, must cor-
respond to the actual generator-operating conditions.
Since all other items are known, the equation can be
solved for the enthalpy of the exhaust steam, h6. The value
of w6 is influenced by the values read from the expansion
line for enthalpy of steam to any heaters using wet steam.
See para. 5-9.3(a) for a description of the iterative process.

(b) For turbines using wet steam, the enthalpy of the
exhaust steam is determined using the procedure out-
lined below.

(1) The extraction steam flow to each feedwater
heater can be determined by direct measurements of the
heater drains, difference of measurements of drains from
adjacent heaters, or applying the tracer techniques and
heat balance. The steam enthalpy for extraction points in
the wet region is calculated by performing an energy bal-
ance about each heater using the available measured val-
ues of pressure, temperature, moisture, and flow. These
enthalpies are the average for the flow through the ex-
traction pipe. They are used to determine the heat flow
from the turbine to the heaters in the overall energy bal-
ance which determines turbine exhaust steam enthalpy.
Each extraction state point in the moisture region repre-
sents a mixture of wet steam and free water2 drawn out
with the steam. If the extraction steam superheat (mini-
mally 27°F, 15K) permits determination of the enthalpy
by measurement of pressure and temperature, a more ac-
curate enthalpy will result than that obtained by the heat-
balance method previously described. The enthalpy of the
high-pressure exhaust steam entering the moisture sepa-
rator is determined by balancing mass and energy about
the reheater and moisture separator in sequence and solv-
ing for the enthalpy by heat-balance calculations.

(2) With known extraction flows and enthalpies,
mass and energy are each balanced, thus determining
exhaust flow and associated enthalpy. This enthalpy is
also referred to as the “used energy end point” (UEEP)
or “turbine end point” (TEP). The general expression is:

w1h1 � wEihEi � ��� � wEnhEn � w6h6 � wpLihpLi � ���

� wpLnhpLn � (wh)reheater drain � (wh)moisture-separator drain

� K(Pg � Electrical losses, kW � Mechanical losses, kW)

where
K � a constant depending on the units of P, w, and h

If P is in kW, w in lbm/hr, and h in Btu/lbm, then
K � 3412.14. The w’s include all flows chargeable to the
turbine cycle.

The exhaust flow w6 is determined from a mass bal-
ance. Generator losses, determined from appropriate
data, must correspond to the actual generator-operat-
ing conditions. As all other items are known, the equa-
tion can be solved for h6, the enthalpy of the turbine 
exhaust steam. Since the calculated value of w6 is in-
fluenced by the shape and slope of the expansion line,
an iterative calculation as described in para. 5-9.3(b) is
necessary.

5-9.2 Exhaust Loss

The team “exhaust loss” includes various energy losses
occurring between the last stage of the turbine and con-
denser. It includes the energy loss due to the velocity re-
maining in the steam after leaving the last stage, loss due
to pressure drop through the exhaust hood, and decrease
in efficiency of the low-pressure end, which occurs at low
loads when the volume flow becomes too small to main-
tain adequate steam velocity. The exhaust loss is deter-
mined from an appropriate curve, showing this loss as a
function of volumetric flow or exhaust steam velocity at
the exit annulus of the last rotating row.

5-9.3

By subtracting the exhaust loss from the calculated
enthalpy of the turbine exhaust steam, an enthalpy
known as the expansion line end point (ELEP) can be
determined. When plotted on a Mollier diagram at the
measured exhaust pressure, it is the terminal point of
the test expansion line. If the difference between the pre-
viously estimated and newly calculated value exceeds
the desired limit (usually 0.1 Btu/lbm), the following
procedures should be followed:

(a) For Turbines Using Superheated Steam. When a pre-
viously estimated enthalpy for an extraction point in the
wet region does not coincide with this expansion line,
a revised value is read from the curve. New values for
the extraction flow and expansion line end point are
then calculated. This is repeated until the extraction en-
thalpy is consistent with the calculated expansion line
end point.
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2 Free water is defined as the water in the turbine through-flow
that leaves with the extraction steam.
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(b) For Turbines Using Wet Steam. Figure 5-1 shows a
typical saturated steam turbine expansion line. The
high-pressure turbine expansion line is on the left; the
low-pressure turbine expansion line is on the right. The
dotted line connecting them represents the moisture
separator reheater. The discontinuities near the middle
of the high-pressure turbine expansion line and near the
lower end of the low-pressure turbine expansion line
each represent a moisture content reduction due to free
water removal at heater extraction points. No water re-
moval is shown at pressures below the lowest pressure
extraction point, since the necessary measurements usu-
ally are not made. Hence, the calculated turbine end
point ignores the water removal below the lowest pres-
sure heater.

The following procedures are used when plotting the
state points to determine the expansion line for a test load.

(1) Plot the throttle steam state point from a mea-
sured throttle pressure and temperature or calculated
moisture.

(2) Plot the calculated high-pressure turbine ex-
haust enthalpy at its exhaust pressure.

(3) Plot the hot reheat state point and extraction

points in the superheated region (superheated at least
27°F, 15K) from measured pressures and temperatures.

(4) Plot the calculated low-pressure turbine end
point (UEEP) and expansion line end point (ELEP) at
the exhaust pressure.

(5) Plot the calculated extraction enthalpy at the
measured extraction pressure for any additional extrac-
tion points other than noted in (6) below.

(6) The methods for determining the highest pres-
sure extraction and lowest pressure extraction state
points are the same and involve an iterative procedure.
Calculate the steam enthalpy at the inlet to the group of
turbine stages following the extraction point under con-
sideration, using an assumed turbine efficiency. Energy
is balanced using the previously calculated flows and
extraction enthalpy and assumed inlet enthalpy to de-
termine extraction state points. The difference between
the assumed and calculated enthalpy is the result of free
water removal and provides the data for determining
water removal effectiveness. Finally, the expansion line
slope above the extraction point must also be reason-
able. If not, a different enthalpy is assumed and the cal-
culation repeated. For the best solution, the most rea-
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Fig. 5-1 Typical Saturated Steam Turbine Expansion Line
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sonable expansion is obtained both above and below the
extraction state points. In judging expansion line “rea-
sonableness”, one should refer to the design expansion
lines at, or as close as possible to, the evaluated load. A
close match between the expansion line slope above the
extraction point at the expense of a poor match below
that point, or vice versa, should be avoided.

5-10 TURBINE EFFICIENCY AND EFFECTIVENESS

5-10.1

Calculating exhaust steam enthalpy permits the de-
termination of low-pressure turbine efficiency. This ef-
ficiency may be plotted versus exhaust volumetric flow
or annulus velocity, and used for the same purposes as
are efficiencies obtained from turbine sections operating
entirely in the superheated region [see para. 5-2(b)]. One
exception is covered in the next paragraph.

5-10.2

For low-pressure turbines with moisture removal
stages, section efficiency as defined in para. 5-2.1(b) is not

an appropriate performance indicator. With the internal
efficiency definition, more effective water removal re-
duces calculated efficiency, which is contradictory. Per-
formance of such turbine sections is therefore better
measured in terms of effectiveness, � where

� � 

�h �

�h
To�s



where
�h � Sum of the actual work (in Btu/lbm) of the

individual expansions in the low-pressure
steam path

�s � Sum of the entropy changes (in Btu/lbm°R)
corresponding to the �h expansions used
above

�To � Absolute temperature (°R) corresponding to
the low-pressure section exhaust pressure

The components of the definition of effectiveness
are illustrated in Fig. 5-2. Effectiveness may be plot-
ted versus exhaust volumetric flow or annulus veloc-
ity, in a manner similar to efficiency, as described in
para. 5-2(b).
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5-11 CALCULATION OF GROUP 1 CORRECTIONS

5-11.1

The specified cycle performance can now be calcu-
lated using the test expansion line (test turbine efficien-
cies), specified cycle conditions, test packing leakages,
and test throttle flow. First, specified cycle extraction
flows must be calculated for the following conditions:

(a) a feedwater flow leaving the highest pressure
heater, equal to the test throttle flow, plus or minus any
pertinent flows specified in the contract.

(b) no variation in the amount of water stored in the
condenser hotwell, deaerator, or other cycle vessel.

(c) steam pressure in each feedwater heater lower
than the pressure measured at the turbine extraction
flange by the specified percentage of extraction line
pressure drop.

(d) temperature of the feedwater leaving each heater
differing from the saturation temperature correspon-
ding to the heater steam pressure by the specified ter-
minal temperature difference.

(e) condensate drained from heaters at the saturation
temperature corresponding to the heater steam pressure
unless a drain cooler section is included in the heater.
If a drain cooler section is included, the condensate
drain temperature equals the heater inlet temperature
plus the drain cooler section specified drain cooler ap-
proach difference.

( f ) feedwater temperature entering the lowest pres-
sure heater equal to the saturation temperature corre-
sponding to the turbine exhaust pressure, less the spec-
ified amount of subcooling, plus any temperature rise
due to heat added to the condensate in accordance with
the specified cycle.

(g) no flows entering or leaving the cycle except those
included in the specified cycle.

(h) enthalpy rise across the condensate and feedwa-
ter pumps as specified.

For turbines using wet steam, the moisture removal
effectiveness as determined in para. 5-10.2 shall be used
in the calculation of the specified cycle extraction flows.

5-11.2

Since turbine stage pressures vary directly with flow
to the following stage, changes in extraction flow and
use of reheat sprays may change these pressures, with
corresponding changes in heater pressures and outlet-
water temperatures. Enthalpy of the extraction steam
also varies with the pressure at the extraction stage and
is determined from the test expansion line. These
changes may necessitate an iterative calculation of the
corrected steam flows until the extraction pressures
check within 1% or 1 psi (6.9 kPa), whichever is smaller.
The exhaust flow with the revised extraction quantities
is then determined and the corresponding exhaust loss
read from the appropriate curve. Exhaust steam en-

thalpy WEEP) is calculated by adding the revised ex-
haust loss to the original expansion line end point
(ELEP), which is not affected by variations in exhaust
flow.

5-11.3

For reheat turbines, changes in desuperheating water
and high-pressure extraction steam flows may cause an
appreciable change in reheat turbine inlet flow, pro-
ducing a new pressure at the reheat stop valve. If so,
one of the following methods should be used to obtain
the revised reheat inlet enthalpy:

(a) Revised values of reheat temperature and en-
thalpy can be read from an extrapolation or interpola-
tion of the test expansion line at the new reheat stop
valve pressure.

(b) A revised reheat enthalpy can be read from an ex-
pansion line developed from test turbine efficiency at
the new reheat stop valve pressure and test reheat tem-
perature. In this case, the enthalpy of the exhaust steam
is calculated by adding the revised exhaust loss to a re-
vised ELEP determined from the new reheat stop valve
pressure, test reheat temperature, test exhaust pressure,
and test turbine efficiency, instead of as described in the
last sentence of para. 5-11.2. The revised steam en-
thalpies must then be used when calculating generator
output for operation with the specified cycle conditions.

5-11.4

The corresponding generator output can be calculated
by means of a turbine energy balance similar to that pre-
viously used to calculate turbine exhaust steam en-
thalpy. The generator losses in this balance must be de-
termined for operation with the specified values of
power factor, voltage, speed, and hydrogen pressure.
These losses must be consistent with those used in de-
termining the turbine exhaust steam enthalpy described
in para 5-9.1. Turbine heat input for the revised final
feedwater temperature and reheat steam flow are now
calculated. If packing leakage steam is supplied from a
separate source, or if it leaves the cycle, the method of
charging or crediting the turbine for this flow must be
consistent with the specified performance. With these
turbine input and generator output values, a turbine
heat rate, corrected to the specified feedwater cycle and
generator operating conditions, can be calculated.

5-12 CALCULATION OF GROUP 2 CORRECTIONS

5-12.1

Correction factors must be obtained by calculation or
test to correct heat rate and output for deviations from
the specific values of throttle pressure, temperature or
quality, hot reheat temperature(s), reheater pressure
drop(s), exhaust pressure, and speed. If the application
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of Group 1 corrections causes a change in the reheat-
stop-valve pressure(s), the correction factors of reheat
temperature(s) and reheater pressure drop(s) must cor-
respond to the revised values, not to the test values 
(see para. 5-11.3). The revised reheater pressure drop 
is the difference between the test high-pressure turbine
exhaust pressure and the revised reheat stop valve 
pressure.

5-12.2

In an alternative approach, intermediate pressure tur-
bine test inlet pressure and design reheater pressure
drop are used to calculate high-pressure turbine exhaust
pressure. High-pressure turbine test efficiency is then
used to calculate its exhaust enthalpy. This approach
may be most appropriate for cycles with high-pressure
turbine exhaust steam-powered feedwater pumps, per-
mitting the available energy to the feedwater pump tur-
bines to approach design values. These factors must be
applied to the values of heat rate and output previously
calculated for operation with the specified cycle, to de-
termine turbine performance with all operating condi-
tions at specified values. These heat rates and outputs
are then compared with specified performance.

5-12.3

The corresponding steam flow is corrected to the spec-
ified throttle pressure and specific volume by the equa-
tion in para. 5-4.2.

5-13 AVERAGE PERFORMANCE

5-13.1

The specified performance, and results of tests for a
series of loads, may be expressed as a single value based
on weighted steam or heat consumptions or turbine ef-
ficiencies. For example:

1 2 3 4

Steam or Heat
Consumption

lbm (kg) or Btu/
Percentage of kWhr (kJ/kWh) Product of
Rated Output or Turbine Weight Factor columns

(Example) Efficiency (Example) (2) and (3)

100 5
80 4
60 3
40 2

Sum � 14 Sum

Weighted average �

5-13.2

If average performance is calculated in accordance
with para. 5-13.1, the percentages of rated output and
their respective weight factors should reflect the load
duration curve of expected turbine operation. If not
specified, they should be agreed upon before proceed-
ing with the tests.

Sum of Column 4




Sum of Column 3
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Section 6
Report of Tests

6-1 TURBINE GENERATOR ACCEPTANCE TEST 
REPORTS 

Those test reports should include the relevant items
in the following list:

(a) Brief summary of test
(1) owner
(2) designation of the unit
(3) name and location of the plant
(4) date of commercial operation
(5) object of test
(6) date of test
(7) brief report of test results and conclusions, in-

cluding post-test uncertainty analysis if performed
(8) brief history of unit operation since start-up
(9) pretest agreements

(b) Manufacturer’s guarantee heat balance 
diagram(s)

(c) Cycle diagram showing test readings (after 
application of instrument corrections 
and averaging)

(d) Discussion of test
(1) methods of flow measurements
(2) turbine heat or steam rate
(3) turbine stage pressures
(4) efficiencies of turbine sections
(5) overall turbine efficiency (extraction and mixed-

pressure turbines)
(6) gland leakage flows
(7) feedwater heater performance
(8) MSR performance
(9) generator output measurements
(10) special tests to determine correction factors
(11) test procedure
(12) any other pertinent information

(e) Tabulation of turbine performance corrected to the
following specified operating conditions

(1) throttle steam flow
(2) generator output
(3) heat or steam rate
(4) overall turbine efficiency (extraction and mixed-

pressure turbines)
(5) specified heat or steam rate
(6) specified overall turbine efficiency
(7) deviation from specified performance
(8) any other pertinent data

(f) Graphical presentation (all values corrected to the
following specified operation conditions)

(1) heat rate versus output
(2) steam rate versus output
(3) stage pressures versus throttle steam flow
(4) stage pressures versus steam flow to following

stage
(5) efficiency of turbine sections:

(a) high-pressure turbine efficiency versus first
stage pressure ratio or throttle steam flow

(b) intermediate pressure turbine versus flow to the
intermediate pressure turbine

(c) low-pressure turbine efficiency or effectiveness
versus exhaust annulus velocity volumetric flow

(6) gland leak-off flows versus throttle steam flow
(7) correction factors, if determined by test
(8) flow diagram showing location of flowmeters, 

details of gland-sealing system, and other pertinent de-
tails
(g) Summary of generator conditions for all tests
(h) Tabulation of specified test boundary conditions
(i) Set of all curves used to correct output, steam rate,

or heat rate
(j) Sample calculation for one of the test runs
(k) Discussion of results
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7-1 INTRODUCTION

Figure 3-1 of this Code presents a means for estimat-
ing the number of readings of a specific type required
for a turbine performance test. That figure is supple-
mented by paras. 3-9.1 through 3-9.4 and Table 3-2 and
intended to be especially useful when the testing of a
specific turbine performance test point has been par-
tially completed. It uses the number of readings that are
then available and their maximum and minimum val-
ues. From these, this method furnishes an estimate of
how many readings are required in order not to exceed
the 20.05% specified uncertainty in the result of the test
as caused by the effect of scatter in the readings. This
does not take into account the effect of spatial variations
or fixed instrument errors, which are covered elsewhere
in this Code. This Section contains illustrations for the
use of Fig. 3-1 and Table 3-2 and the method used to de-
velop Fig. 3-1.

Calculating the approximate allowable ranges (maxi-
mum instrument readings minus minimum instrument
readings) of important readings before the test is run is
recommended. This will enable the test supervisor to
quickly compare these approximate ranges with the
recorded ranges during the test, thus aiding in judging
whether a valid test is being run or if improvements are
needed in the instrumentation or control of test condi-
tions.

During running of some tests, a gradual change in the
level of some measurements with respect to time may
be experienced. This may be in the form of a linear rise
or decay or may possibly approach a sine wave. The
slow changes could possibly be caused by such things
as unusual changes in weather conditions, ambient tem-
perature sensitivity of controllers, gradual fouling of gas
side of boiler tubes during the test, and numerous oth-
ers. These gradual changes generally do not influence
the uncertainty of a test if they are well within the per-
mitted deviations from design or rated condition per-
mitted by para. 3-8.11. The range in instrument readings
as determined from the maximum and minimum in-
strument readings takes into consideration the gradual
changes as well as the superimposed more rapid fluc-
tuations. Unless the less harmful gradual changes are
factored out of the range, this could cause Fig. 3-1 to in-
dicate a considerably larger number of readings re-
quired than are actually necessary. If, during a test run,
some measurements indicate gradual changes as well as

rapid fluctuations, the apparent effect from the gradual
changes may be reduced by breaking down the sample
of available readings into a number of smaller samples
of a common size. The allowable range as calculated be-
fore test can now be compared with the ranges being
observed in each of the smaller sample sizes to deter-
mine if the rapid fluctuations are within limits. This is
particularly applicable to flow measurements by flow-
nozzle differential pressures, and power by indicating
wattmeter, where the number of readings available is
larger than for other types of data because of the one
minute reading frequency.

7-2 ILLUSTRATIONS

The illustrations presented in this Section represent
heat rate tests on a nonreheat turbine described as fol-
lows:

Steam conditions of 850 psig, 900°F, 1.5 in. Hg abs.,
141,590 Ibm per hr throttle flow, 16,500 kW generator
output at 0.85 power factor, and 351.8°F final feedwater
temperature, with a specified heat rate of

HR �

HR � 9,680 Btu/kWhr (10,213 kj/kWh)

7-3 EFFECT OF FLOW NOZZLE DIFFERENTIALS

Prior to the test, it is established that the tests are to
be run with one throat-tap nozzle with two digital 
instruments measuring the differential pressure in 2
sets of throat taps. As recommended by the Code, 2 hr
of readings at one minute intervals are to be recorded.
The expected differential pressure for the test point 
under consideration has been calculated to be 8.3 psi
(57.2 kPa).

For the test supervisor’s guidance, the allowable
range in differential-pressure readings for the test point
is calculated as follows:

(a) For the 121 one minute interval readings on each
instrument, enter Fig. 3-1, ordinate at 121, and read 1.4%
for Z� at the intersection of the NR � Na curve.

(b) Two differential-pressure instruments are used.
Therefore, Z�i for each instrument, with Z�n � 1.4, is cal-
culated by assuming that Z�1 � Z�2 � . . . Z�n and rear-

141,590(1453.1 � 325.0)





16,500
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Section 7
Required Number of Readings
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ranging the equation found in Table 3-2 in the form Z�i �
Z�n�n�

Z�i � 1.4�2� � �1.98%

(c) Table 3-2 shows �1 � 0.5 for flow by flow nozzle
differentials. Now the maximum allowable range for
differential pressure readings can be calculated by solv-
ing for Imax. � Jmin. in the equation

Z �

and using the expected 8.3 psi value in place of the ap-
proximate mean average 0.5 (Imax. � Imin.).

Imax. � Imin. � 

8
1
.
0
3
0
�

�

1
0
.9
.5
8


 � 0.33 psi (2.3 kPa)

This is the allowable range in readings for each of the
two differential-pressure instruments.

If, during running of the test point for the first one-
half hour’s 31 readings, one instrument indicates maxi-
mum and minimum readings of 8.25 psi (56.9 kPa) and
8.10 psi (55.8 kPa) and the second 8.45 psi (58.3 kPa) and
8.25 psi (56.9 kPa), the Imax. � Imin. are 0.15 psi and 0.20
psi, respectively, and are well within the 0.33 psi 
(2.3 kPa) allowable range. With the 31 readings and their
scatter available, it is now possible to determine how
many readings on each of the instruments are required
to stay within the 0.05% effect on the results due to the
scatter in this data. This is done by determining NR

on Fig. 3-1 after calculating Z for each instrument and
combining the two values by the formula in Table 3-2
as follows:

Z�1 � � 0.92%

Z�2 � � 1.20%

Combining Z�1 and Z�2 to arrive at Z� for entry into Fig.
3-1 yields:

Z�n � � �0.76%

Entering Fig. 3-1 with Z� � 0.76 and Na � 31, read NR

as approximately 55. This is an estimate of the minimum
number of readings of flow required to be within the
0.05% effect on the test results.

7-4 EFFECT OF THROTTLE STEAM TEMPERATURE

For throttle steam temperature, the slope of the man-
ufacturer’s correction curve and the slope of the steam
tables enthalpy curves at constant pressure are required
to calculate �2, defined in Table 3-2. Using the example
in para 7-2 and its heat rate correction curve, Fig. 7-7,
�2�, which is the slope of the manufacturer’s correction

�0.922 �� 1.202�




2

100 � 0.5(8.45 � 8.25)





0.5(8.45 � 8.25)

100 � 0.5(8.25 � 8.10)





0.5(8.25 � 8.10)

100 �1(Imax. � Imin.)





0.5 (Imax. � Imin.)

curve, becomes �0.03% per °F when the curve is used
to correct from the test temperature to the design tem-
perature. Errors due to scatter in the throttle steam tem-
perature data will also affect the heat rate by causing er-
rors in the throttle steam enthalpy used in the heat rate
formula. The magnitude of this error (�2	), on a percent
per °F basis, can be determined by using Fig. 7-3 and
the enthalpy rise in the heat rate formula as follows:

(a) For the example, the slope of the superheated
steam enthalpy curve at constant pressure is �0.565 Btu
per lbm/°F as read from Fig. 7-3 at 900°F and 865 psia.

(b) With an enthalpy rise from 325.0 Btu/lbm to
1453.1 Btu/lbm as shown in the heat rate formula for
the example, �2	 is calculated as follows:

�2	 � � �0.05% per °F

�2� and �2	 are next added algebraically to arrive at �2.
�2 � �0.03 � 0.05 � 0.08% per °F.
Prior to the test, plans are made to use two thermo-

couples to measure throttle steam temperature. The
maximum allowable range in temperature for a two-
hour test with temperatures recorded at five-minute in-
tervals can be established as follows:

(1) For NR � 25 readings, Z� from Fig. 3-1 is 0.49 at
the intersection of the Na � NR curve.

(2) For two thermocouples Z�i � 0.49�2� � �0.69%.

(3) (Imax. � Imin.) � 

Z�
�2

i

 � 


0
0
.
.
6
0
9
8


 � 8.6°F (4.8K)

in temperature during a 2 hr test.
During actual running of the first 1/2 hr of the test

point, one thermocouple maximum and minimum read-
ings correspond to 905°F and 900°F, respectively, and
the second thermocouple correspond to 903°F and
899°F. Z values for each thermocouple are:

Z�1 � 0.08(905 � 900) � 0.40%

Z�2 � 0.08(903 � 899) � 0.32%

The combined

Z�n � � �0.256%

With seven readings available after 30 minutes of run-
ning and Z� � �0.256, NR, the minimum number of read-
ings required as indicated on Fig. 3-1 is about 15.

Figures 7-6 and 7-8 are included in this Code to il-
lustrate the slope �2� for typical manufacturer’s throttle
pressure and exhaust pressure correction curves. Fig-
ures 7-2 through 7-5 were derived from the ASME Steam
Tables and may be used to calculate �2	 for steam pres-
sure and temperature and feedwater temperature. Fig-
ures 7-2 through 7-8 are produced in this Code from
“Guidance for Evaluation of Measurement Uncertainty
in Performance Testing of Steam Turbines” PTC 6 Report,
and further reference can be made to that publication.

�(0.402�� 0.32�2)�




2

�0.565 � 100



(1453.1 � 325.0)
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7-5 COMBINING READINGS FROM MORE THAN
ONE SENSOR OR INSTRUMENT

Table 3-2 in this Code presents a method for combin-
ing the range of maximum-minus-minimum readings
from different types of data having the same time in-
terval between readings. An example of this would be
a test that yields a combined Z�n of �0.15% for seven
readings on each of the initial pressure instruments and
a combined Z�n of �0.05% for seven readings on each
exhaust pressure instrument. These can be combined
with the �0.26% for initial temperature using the equa-
tion under (b)(2) of Table 3-2.

Z�n � �[(0.26)�2 � (0�.15)2 �� (0.05)�2]� � �0.30%

Reading Fig. 3-1 with Z� � 0.30% and Na � 7 indicates
about 20 as an estimate of NR, the number of required
readings.

7-6 ESTIMATED EFFECT OF ALL READINGS FOR
THE ENTIRE TEST PERIOD

For at least some types of readings, most tests have
far more readings during the period used to calculate
the test result than NR, the number of readings re-
quired for exactly the �0.05% specified uncertainty of
the effect on the result of the test. For this increased
number of readings, the test uncertainty can be calcu-
lated as

Ut � 0.05�

N
N

R

t

�

in which Ut � uncertainty based on the readings for
the entire period used to calculate the test result. Sub-
scripts R and t, respectively, refer to the number of
readings required for the �0.05% specified uncer-
tainty and actual number used for calculating the test
results.

The 121 readings of each flow-nozzle differential for
a 2 hr test period reduce the uncertainty caused by scat-
ter of flow-nozzle readings to

Ut � 0.05�

1
5
2
5
1


� � �0.034%

Similarly, the 25 five minute readings of each instru-
ment for temperature and pressure and exhaust pres-
sure reduces their combined uncertainty to

Ut � 0.05�

2
2
0
5

� � �0.045%

7-7 DEVELOPMENT OF FIG. 3-1

Paragraphs 7-8 through 7-13 contain the method used
to develop Fig. 3-1.

7-8 STANDARD DEVIATION

The method is based on the fact that a large number
of similar observations tend to cluster around their av-
erage value and that progressively fewer readings oc-
cur in increments of the same size as their distances from
the average value increases. Such a distribution ap-
proaches a normally distributed population having a
standard deviation 	. When a random sample is selected
from a population, S is an adjusted root-mean-square
value of the deviations of the individual values from
their average (x� ) and defined by the equation

S � ��
((xNi �

�� x�
1
)
)

2

	� (7-1)

where
N � sample size
S � the standard deviation for the sample and rep-

resents the best estimate of 	 for the population

7-9 DISCUSSION ON FIG. 7-1

Classical statistical methods show that any random
sample of size N out of a normally distributed popula-
tion of infinite size may show a range in observations
(that is the maximum observation minus the minimum
observation), which can possibly be equal to any value
between zero and infinity but actually will be some in-
termediate value. The expected value of this range,
which is defined as the average value of the range shown
by a large number of samples of the same size, can be
directly calculated.1 The results of this calculation are
tabulated in many books on statistics and plotted on Fig.
7-1 as S/Range for sample sizes from 2 to 200.

7-10 STANDARD DEVIATION OF THE AVERAGES

The scatter uncertainty of the result of any test is mea-
sured by Sa, the estimated standard deviation of the av-
erages of the readings, not just of the individual readings.
Classical statistics show that the standard deviation of the
averages of random samples of values taken from a 
normally distributed population varies inversely as the
square root of the number of values in the group. Thus,

Sa � (7-2)

7-11 UNCERTAINTY LIMIT

In this Code, the standard deviation of the averages
of the readings is used to estimate the required number

Si


�N � 1�

ASME PTC 6-2004 STEAM TURBINES
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1 See pages 288–291 of the 3rd Edition of “Introduction of Math-
ematical Statistics” by P. G. Hoe1 (1962) John Wiley and Sons, Inc.,
for example.
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Fig. 7-2 Slope of Superheated Steam Enthalpy at Constant Temperature
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